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I.  INTRODUCTION 

This  is  the  fourth  semiannual  technical  progress  report  for  the 
ARPA/NRL  X-Ray  Laser  Program.  There  is  no  intention  to  duplicate 
background  material  from  previous  reports*,  since  the  format  is 
similar  and  copies  are  available  upon  request.  Rather,  the  intent 
here  is  to  provide  an  update  on  program  progress  during  this  reporting 
period  with  brief  statements  of  motivation  and  goals. 

The  basic  individual  activities  in  the  program  have  remained 
essentially  same,  i.e. , 

Nonlinear  optical  mixing  for  producing  coherent  radiation  in  the 
vacuum-UV  region, 

Amplification  of  such  coherent  radiation  as  necessary,  beginning 
in  the  1600  I region,  in  preparation  for  further  frequency  up- 
conversion, 

Electron  collisipnal  pumping  of  ions  in  schemes  amenable 
to  isoelectronic  extrapolation  to  short  vacuum-uv  wavelengths. 

Investigation  of  resonant  charge  transfer  pumping  at  a high 

rate  into  preferential  levels  as  an  advanced  soft  x-ray  amplifier, 

and 

Theory,  analysis  and  numerical  modeling  in  support  of  these 
approaches  and  continual  investigation  of  new  concepts. 

The  overall  theme  in  this  program  is  to  generate  a coherent, 
collimated  laser  beam  at  as  short  a wavelength  as  possible  for  materials 
diagnostic  applications.  The  general  approach  is  to  transfer  a 
high  degree  of  coherence  from  long  wavelengths,  with  amplification 
through  molecular  and  ionic  devices  in  an  eventual  chain  system  as 
illustrated  in  Fig.  1.  The  areas* of  current  NRL  activity  are  bounded 

ttPrevious  semiannual  reports  on  this  project  are  w.ferred  to  liberally 
in  the  present  report.  These  are  published  as  NR7a  Memorand  lm  Reports 
No.  2910  (October  1974),  No.  3057  (March  1975),  and  No.  3130  (September 
1975).  Copies  are  available  on  request. 

NOTE:  Manuscript  submitted  March  3,  1976. 


by  solid  lines;  those  of  conceivable  future  activity  by  dashed  lines. 

A high  peak  intensity  pulse  from  a coherent  laser  at  1 p is  frequency 
upconverted  by  "conventional"  means  into  the  vacuum  ultraviolet  (vuv) 
region  near  1600  A,  possibly  with  accurate  tuning  capability.  This 
step  is  described  in  Section  II.  A.  Amplification  of  the  beam  at 
this  point  may  be  required  to  achieve  sufficient  power  for  f irther 
upconversion,  using  either  a H2  or  Xe  "molecular"  laser  and  existing 
technology.  The  details  here  are  described  in  Section  II. B.  Electron 
collisional  population  inversion  at  shorter  vuv  wavelengths  appears 
promising  in  either  laser-heated  plasmas  (Section  III.B)  or  with  trans- 
verse discharges  such  as  originally  developed  for  N,  and  H2  and  later 
extended^  to  ions  such  as  C^+  (Section  III. D.)  . At  shorter  soft  x-ray 
wavelengths,  the  rapid  resonance  charge  transfer  process  remains  most 
interesting  for  achieving  significant  inversion,  and  progress  on  the 
current* definitive  experiments  is  described  in  Section  IV. 

Each  component  of  this  chain  is  in  a somewhat  different  phase 
of  development.  The  non-linear  mixing  has  approached  the  vacuum- 
uv  region  and  optimization  is  beginning.  A delay  was  encountered  in 
obtaining  the  xenon  diode  for  amplification,  so  that  we  are  pre- 
paring for  H2  amplification  as  required.  In  the  laser  heated  plasma 
experiments  for  electron  collisional  pumping,  both  careful  numerical 
‘ analysis  and  sophisticated  interferometric  diagnostics  have  illuminated 

the  difficulties  in  absorbing  a significant  amount  of  laser  radiation 
in  the  very  thin  layer  of  a specific  density  appropriate  for  inversion 
r and  gain.  Quantitative  measurements  are  continuing;  however  the  in- 

. dicatiois  are  that  electron  pumping  in  either  a transverse  discharge 
or  beam  may  be  more  appropriate  a pump  mechanism,  so  that  additional 
emphasis  is  being  placed  now  on  the  traveling  wave  device  that  has 
been  a unique  workhorse  at  NRL.  The  direct  and  definitive  resonance 
charge  transfer  experiment  has  progressed  to  the  point  where  space- 
resolved  spectra  from  both  the  ions  and  the  background  helium  gas  are 
achieved,  and  detailed  measurements  at  various  densities  are  possible. 

A major  accomplishment  of  this  reporting  period  has  been  the 
completion  of  a comprehensive  review  article^  on  the  subject  of  short 
wavelength  lasers.  A preprint  is  reproduced  in  the  Appendix.  Of 
the  268  references  gathered  there  ( as  of  October  1975) , the  ones 
directly  related  to  short-wavelength  lasing  are  compiled  chronologically 
in  Fig,  2,  which  is  an  indication  of  the  growth  of  interest  in  this 
field. 

■ The  following  sections  of  this  report  describe  the  detaila  of 

progress  made  in  each  of  these  areas  during  tlie  last  six  months,  A 
summary  of  the  important  points  is  included  in  the  last  section.  In 
. some  instances  the  work  has  been  prepared  for  publication  or  has  been 

published.  In  these  cases  the  reprint  h§s  been  included  as  an  appendix 
and  only  brief  mention  o£  the  work  is  made  in  the  main  Lud_y  uf  the 
report.  Each  section  also  contains  a few  sentences  about  where  the 
work  is  headed  and  plans  for  the  next  reporting  period. 
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Fig.  2 — Record  of  activity  in  short  wavelength  laser  research  as  compiled  from  the  references 
on  this  topic  in  a recent  review.  The  data  for  1975  are  as  of  October  and  still  incomplete,  par- 
ticularly for  those  articles  not  yet  translated. 
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II.  COHERENT  VUV/SOFT  X-RAY  PULSES  BY  NONLINEAR  MIXING  AND  AMPLIFICATION 

II .A.  NONLINEAR  MIXING 

This  section  describes  our  approach  and  recent  progress  towards 
the  generation  of  coherent  soft-x-radiation  through  nonlinear  mixing 
processes.  The  motivation  and  general  technique  was  described  in 
detail  in  previous  reports  in  this  series  and  is  outlined  briefly 
in  Fig.  3.  The  output  of  a Nd:YAG  mode  locked  laser  is  convert  ad  to 
tunable  visible  radiation  by  successive  frequency  doubling  and 
parametric  frequency  conversion  in  each  of  two  arms.  The  tunable 
visible  light  in  each  arm  is  combined  and  converted  to  the  vacuum- 
UV  (VUV)  region  through  resonantly  enhanced  frequency  mixing  in  a 
suitable  metal  vapor,  and  is  then  amplified  in  a VUV  amplifier  (as  is 
discussed  below)  . A further  stage  of  resonantly  enhanced  nonlinear 
mixing  is  then  used  to  convert  the  VUV  to  the  soft  x-ray  range. 

As  was  outlined  in  previous  semiannual  reports,  the  technique  of 
parametric  generation  was  chosen  to  convert  the  1.06  jum  YAG  output  into 
tunable  visible  light  because  of  its  potential  for  generating  higher 
powers  and  shorter  pulse  durations  with  the  available  laser  system. 

During  the  previous  reporting  period,  one  arm  of  the  visible  radiation 
generator  was  set  up  and  preliminary  investigation  of  its  operating 
characteristics  was  begun.  Measurements  of  conversion  efficiency  in 
the  first  two  stages  of  harmonic  generation  were  made.  The  parametric 
(frequency)  down-conversion  system  was  assembled  and  radiation  was 
generated  from  4600  to  6300  A by  tuning  the  crystal  temperature  from 
52  to  70  C. 

During  the  present  reporting  period  the  performance  of  the  second 
harmonic  stages  was  studied  in  more  detail,  with  attempts  to  optimize 
their  performance  being  made.  In  the  first  stage,  conversion  from 
1.064  qm  to  5320  A was  obtained  with  an  efficiency  between  50  and 
60%,  which  is  considered  adequate  for  our  purposes.  Conversion 
efficiency  from  5320  A to  2660  A in  the  second  stage  was  measured  in 
the  range  of  25%,  a value  which  was  unexpectedly  low  although  comparable 
w*.th  performance  reported  elsewhere.  Since  the  efficiency  of  the 
parametric  generation  in  the  subsequent  stages  depends  critically  on 
the  strength  of  the  UV  signal,  the  fourth  harmonic  generation  stage 
was  studied  in  some  detail. 

The  conversion. from  5320  A to  2660  A was  studied  in  a 1"  long 


ADP  crystal  by  measuring  the  depletion  of  the  transmitted  pump  signal  at 
5320  A simultaneously  with  the  generated  signal  at  2660  A as  the  crystal 
temperature  was  adjusted  on  and  off  the  90°  phase  matching  value  (Fig.  4.) 
These  measurements  were  made  as  the  intensity  of  the  pump  radiation  was 
varied  by  introducing  a 2:1  reducing  telescope  into  the  beam.  The  results 
are  summarized  in  Table  1,  where  the  various  signals  are  shown  referenced 
to  the  pump  pulse.  Comparison  of  the  UV  signal  with  and  without  the  tel- 
escope with  the  crystal  temperature  set  at  53.7°C  shows  that  addition  of 
the  telescope  results  in  an  increase  of  relative  UV  signal  by  4.8  times, 
in  goM  agreement  with  the  nominal  txpected  increase  of  4 times.  A similar 
compatison  with  the  crystal  temperature  set  at  the  90°  phaae  matching  value 
of  51.7  C shows  an  increase  in  UV  signal  of  1.4  times.  Simultaneous 
measurements  of  pump  transmission  show  a depletion  of  23%  for  the  untele- 
scoped beam  and  55%  for  the  telescoped  beam. 

TABLE  1 

RELATIVE  CONVERSION  5320  to  2660  A 


Relative  UV  Signal 

I /I 
uv  purnp^ 

Relative  Transmitted 
Pump  Signal 

I /I 

pump  pumpQ 

T = 53 . 7°C 
Pump  Untelescoped 

1.0 

1.0 

T = 53 . 7°C 
Pump  Telescoped 

4.38 

1.0 

T = 5 1 . 7°C 
Pump  Untelescoped 

36.5 

0.77 

T = 51.7°C 
Pump  Untelescoped 

50.9 

0.45 

These  results  can  be  interpreted  with  the  aid  of  Fig.  5 in  which  are 
shown  curves  for  pump  and  second  harmonic  (SH)  signals  for  an  ideal  plane 
wave  as  a function  of  the  parameter  LEp.  The  results  for  the  untelescoped 
beam  are  indicated  by  points  A and  A . (Linear  attenuation  due  to  absorp- 
tion and  surface  reflection  is  not  considered  at  this  point  in  the  dis- 
cussion.) An  increase  in  pump  depletion  to  55%  upon  addition  of  the  telescope 
is  indicated  by  point  B,  with  the  corresponding  predicted  UV  signal  as  B'. 

The  ideal  increase  in  signal  relative  to  the  untelescoped  case  is  2.2  times 
rather  than  the  observed  1.4  times  (point  B").  The  discrepancy  of  a factor- 
of-1.7  appears  to  arise  from  nonlinear  losses  at  2660  A,  since  the  increase 
in  signal  off  the  phase  match  temperature  is  in  agreement  with  the  theoreti- 
cal value. 
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Observation  of  reduced  harmonic  generation  due  to  two-photon  ab- 
sorption at  power  levels  of  35  MW/cm  have  been  reported  elsewhere. 

In  addition,  reports  of  limitation  of  SH  generation  in  semiconductor 
systems  due  to  two  photon  absorption  of  the  SH  £ight  and  sum  frequency 
absorption  of  SH  and  pump  light  have  been  made.  To  determine  the  im- 
portance of  these  effects  in  our  system,  we  also  measured  the  transmission 
of  a 2"  long  ADP  crystal  at  2660  a as  a function  of  intensity  both  at 
2660  A and  5320  A. 

Intensity  variation  of  the  2660  A light  was  again  accomplished  with 
a reducing  telescope,  the  time  of  value  5:1.  The  transmission  measure- 
ments2are  shown  in  Fig.  6.  At  the  highest  UV  intensities  used  (around  800 
MW/cm  ) nonlinear  absorption  is  seen  to  have  reduced  the  transmission 
by  a factor-of-2.  The  corresponding  intensity  in  the  telescoped  harmonic 
generation  experiment  is  also  shown  (A)  (taking  into  account  surface 
reflections,  filter  transmission  and  crystal  lengths),  indicating  a 
reduction  in  UV  signal  by  a factor  of  1.55.  Thus,  the  discrepancy 
between  the  observed  and  predicted  increase  of  the  SH  UV-signal  in  the 
harmonic  generation  experiment  is  almost  entirely  accounted  for  by  the 
observed  level  of  two-photon  absorption.  The  intensity  of  the  untele- 
scoped beam  in  the  harmonic  generation  experiment  is  also  indicated  (B) , 
and  at  this  level  the  two  photon  absorption  should  be  negligible.  No 
effect  on  the  transmission  at  2660  A was  observed  when  the  pump  intensity 
was  varied . 

In  summary,  two  photon  absorption  at  2660  A appears  to  be  important 
in  limiting  SH  conversion  from  5320  A at  pump  intensities  around 
2.5  GW/cm  , Although  large  pump  depletions  can  be  obtained  at  higher 
intensities , corresponding  increases  in  generated  SH  radiation  are  not 
realized.  At  pump  intensities  around  600  MW/cm  , the  attenuation  of  the 
UV  signal  from  two  photon  absorption  appears  to  be  negligible.  At  these 
pump  intensities,  a conversion  efficiency  of  23%  is  observed,  in  agree- 
ment with  values  reported  elsewhere. 


REFERENCES 

1.  K.  Kato,  Optics  Comm.  13,  361  (1975). 

2.  C.  A.  Schwartz,  J.  L.  Oudur  and  E.  N.  Batifol,  JQE  11,  616  (1975); 
J.  L.  Ouddar , C.  A.  Schwartz,  and  E.  M.  Batifol  JQE  U,  623  (1975). 


10 


II.  B.  VACUUM-UV  AMPLIFICATION 


As  described  above,  the  generation  of  tunable  picosecond  vacuum 
ultraviolet  (vuv)  laser  pulses  using  nonlinear  optical  upconversion 
techniques!  largely  preserves  the  coherence  of  the  fundamental 
driving  laser  beam.  However,  because  of  a rather  low  (frequency) 
upconversion  efficiency,  large  amounts  of  driving 
power  are  necessary  both  for  practical  applications2  and  for  reaching 
the  threshold  level  for  further  upconversion  steps.  Driving  power 
cannot  be  increased  without  bound  because  other  processes  such  as 
multiphoton  absorption  limit  the  power  which  can  be  transmitted 
through  the  non-linear  medium.  It  is  thus  desirable  to  have  amplifiers 
between  sene  of  the  up-conversion  stages  to  restore  the  pulse  power 
level.  Several  amplifier  approaches  have  been  under  study  at  the 
Naval  Research  Laboratory  and  are  described  specifically  below  fol- 
lowing some  more  general  considerations. 

II.  B.l.  INJECTION 

The  general  problem  of  injecting  a short  vuv  pulse  into  an 
amplifier  deserves  careful  study.  Below  1000  A all  amplifiers  will 
most  likely  be  mirror-less  gain  configurations  constrained  by  the 
pumping  geometry  and  probably  pumped  in  a traveling -wave  manner 
(termed  the  swept-gain  method  by  Bonifacio,  et  al.*).  All  of  these 
mirror less  systems,  called  amplified  spontaneous  emission  (ASE) 
devices,  normally  operate  by  amplifying  and  building  a pulse  from 
their  own  spontaneous  emission.  Bonifacio,  et  al.J  have  shown  that 
the  width  of  the  steady-state  pulse  developed  by  these  systems  depends 
inversely  upon  the  gain  achieved.  For  high  peak  power  applications, 
the  most  desirable  pulse  output  is  obtained  for  the  case  of  high 
gain. 


The  injection  of  a pulse  intp  ASE  systems  has  been  considered 
theoretically  by  Allen  and  Peters4.  While  their  results  do  not 
apply  specifically  to  traveling-wave  excitation,  it  is  useful  to 
consider  their  results  of  output  intensity  as  a function  of  input 
intensity.  Figure  7 shows  that  for  the  injected  signal,  1^,  to  exceed 
in  amplitude  the  forward  going  ASE  pulse,  Ia,  the  input  (x  = 0) 
intensity  must  exceed  a threshold  value  which  they  give  as 

K (L  - L ) 

*b ^thresh  L L 

c 


where  K is  a constant,  Lc  is  the  critical  length  for  threshold 
unity  gain,  and  L is  the  total  amplifier  length.  Also,  a greater 
input  signal  results  in  a greater  ratio  of  amplified  pulse  intensity 
to  ASE  pulse  intensity.  It  also  seems  reasonable  to  expect  an  even 
greater  increase  in  pulse  intensity  and  a lowering  in  the  threshold 
when  traveling-wave  excitation  is  used. 
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I0~2  10” 1 10°  I01  I02  I03 

INPUT  SIGNAL  (ARB.  UNITS) 

Fig.  7 — Intensity  of  ASE  pulse,  Ia,  and  the  amplified  input  pulse,  lb,  as  a 
function  of  the  input  pulse  intensity  for  a fixed  length  and  inversion  den- 
sity. Ja  is  the  intensity  of  the  wave  traveling  in  the  opposite  direction,  and 
the  starred  values  are  intensities  in  the  absence  of  an  input  signal  (Ia*,  Ja*) 
or  in  the  absence  of  spontaneous  emission  (1^).  Note  that  this  stv.dy  does 
not  consider  traveling-wave  pumping.  [After  Allen  and  Peters,  Ref.  4.] 


II.  B.2.  TRAVELING -WAVE  (SWEPT -GAIN)  AMPLIFIER  THEORY 


Bonifacio,  et  al.  have  considered  traveling-wave  pumped  amplifiers 
(without  injection)  in  considerable  detail  showing  that  steady  state 
pulses  with  rather  wide  pulse  width  arise  for  the  case  of  limited 
gain;  but  that  for  very  high  gain  the  steady  state  pulse  becomes  a 
it  pulse  with  characteristics  similar  to  those  predicted  for  super- 
radiance. Fig.  8 shows  examples  of  pulse  shapes  for  three 
gain  (g)/loss(k)  ratios.  In  the  case  of  high  gain  it  is  shown  that 
no  limit  exists  for  the  power  because  no  cooperation  length  limit 
exists,  and  that  the  pulse  width  decreases  as  l/p0  where  pQ  is  the 
inversion  density.  These  results  apply  directly  to  the  traveling- 
wave  pumped  N2  and  H2  lasers  at  NRL  and  the  behavior  described 
(gain  narrowing)  has  been  seen  experimentally;  but  the  effects  of 
injecting  pulses  into  the  system  can  so  far  be  judged  only  by  the 
theory  of  Allen  and  Peters  described  above. 


II.  B.3.  EXPERIMENTAL  CONSIDERATIONS 


The  theoretical  treatments  presented  above  are  not  sufficiently 
complete  to  model  the  behavior  expected  when  a 30  picosecond  up- 
converted  laser  pulse  is  injected  into  a vacuum  ultraviolet  amplifier. 
Such  questions  remain  as  to  whether  an  injected  pulse  would  be 
significantly  amplified  and  narrowed  in  a traveling-wave  excited 
medium  and  whether  the  input  signal  intensity  threshold  can  be  met. 

If  a non  traveling -wave  amplifier  is  used,  a further  question  is 
whether  the  injected  signal  will  need  to  be  greater  than  in  the 
traveling -wave  case  to  compete  with  the  internally  generated  signal. 
Experiments  to  determine  these  points  are  very  important.  It  appears 
from  the  theory  that  high  gains  and  long  lengths  are  desirable  from 
the  standpoint  of  raising  the  amplified  input  signal  intensity 
well  above  any  amplified  spontaneous  signal  intensity.  From  the  view- 
point of  easing  the  acceptance  of  the  frequency  of  the  input  signal, 
it  would  be  desirable  to  have  a reasonably  broad  amplifier  band- 
width. These  considerations  cause  the  consideration  of  two  different 
types  of  amplifier:  (a)  the  electron-beam  pumped,  rare  gas  (xenon) 


amplifier;  and  (b)  the  traveling -wave  (swept  gain)  hydrogen  amplifier. 
(Recent  work  at  NRL  by  Burnham  and  Djeu"5  on  chemical  lasers  such  as 


XeF  spur  the  hope  that  broad  bandwidth  and  higher  energy  might  be 
obtained  with  a long  traveling -wave  amplifier  using  vacuum  ultraviolet 
gmin  from  such  molecules  as  NeF.)  Progress  on  both  types  of  amplifier 
will  be  discussed. 


II.  B.3.A.  XENON  AMPLIFIER 


A proven  6,7  coaxially  pumped  xenon  amplifier  of  approximately 
10  cm  length  and  4 mm  diameter  has  been  ordered  from  D.  J.  Bradley  of 
Imperial  College.  This  diode  will  be.  mated  with  an  existing  Fexitron 
high  voltage  pulse  generator  which  produces  approximately  10  J of 
600  keV  electrons.  From  an  unmodified  Febetron  pulse  generator 


k UMik. 


(similar  to  NRL's),  Bradley  achieved  3 mj  pulses  at  1690  - 1760  1 
having  3 ns  width  when  operated  in  a resonant  cavity.  Bradley  obtained 
9 mj  by  lengthening  the  amplifier  and  modifying  the  Febetron  to  pump 
for  5 ns  at  a 500  keV  energy  level. 


From  these  oscillator  measurements  it  would,  of  course^  be  desirable 
to  make  quantitative  statements  about  the  performance  of  this  device 
as  an  amplifier  for  the  30  picosecond  up-converted  pulses  mentioned 
above.  It  is  difficult  to  predict  whether  a 5 8 wide  30  picosecond 
pulse  will  be  able  to  stimulate  and  remove  all  the  energy  stored. 

In  the  oscillator  measurements  of  Bradley,  et  al.  the  emission  was 
spread  over  a 70  A bandwidth.  When  prism  tuning  was  introduced  the 
power  fell  by  a factor  of  four,  but  the  output  bandwidth  was  reduced 
to  1.3  A.  In  this  case  the  xenon  pulse  had  the  entire  5 ns  pumping 
time  as  well  as  several  passes  through  the  gain  medium  to  attain  the 
output  measured. 


Mies8  has  calculated  the  vibrational  wave  functions  for  bound- 
continuum  transitions  and  has  predicted  the  emission  lineshapes. 

It  would  appear  difficult  for  an  incoming  pulse  to  stimulate  all  of  the 
vibrational  levels  of  xenon,  but  no  data  are  available  to  allow  a 
quantitative  estimate  of  how  much  energy  can  be  extracted  from  a 
xenon  amplifier.  Experimental  efforts  to  answer  this  question  are 
being  initiated. 


Since  the  gain  coefficient  reported  by  Bradley,  et  al.  is 
0.25  cm"1,  an  ASE  pulse  will  clearly  build-up  in  addition  to  the 
amplified  pulse.  Because  the  ASE  pulse  will  have  the  entire  frequency 
band  to  feed  upon,  it  may  contain  more  total  energy  than  the  narrow 
band  amplified  pulse,  but  would  have  a longer  pulse  length  (proportional 
to  1/p  ).  In  summary,  experiments  must  be  performed  to  ascertain 
the  input  signal  required  to  overcome  the  ASE  signal  which  will  be 
generated  in  this  amplifier.  Other  techniques,  such  as  reducing  the 
length  below  that  sufficient  for  ASE  build-up^  may  also  be  investigated 
experimentally . 


II.  B.3.B.  HYDROGEN  AMPLIFIER 


Several  traveling-wave  pumped  hydrogen  lasers  have  been  built. 
The  largest  and  most  sophisticated  is  at  NRL  and  produces  1 - 2 mj 
of  energy  over  a number  of  lines  in  the  1600  A region.*  When  divided 
proportionally  to  their  intensities,  each  of  the  strongest  lines  of 
hydrogen  would  have  on  the  order  of  0.1  to  0.2  mj  of  energy.  This 
hydrogen  laser  operates  with  more  than  0.1  cm  cross  section  at  a 
pressure  of  30  Torr.  (Suggestions*  that  the  Soviet  hydrogen  laser 
energy  can  be  scaled  upward  by  increasing  their  cross  section-- 


*In  one  proposal  to  ARPA  (CMR-P-74-1)  the  output  of  a Soviet  hydrogen 
laser  was  incorrectly  stated  as  5 mj  rather  than  0.5  mj . 
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presently  at  0.005  cm  --may  not  hold  t^rue.  The  Soviet  ability  to 
operate  at  high  (~  1 atm)  pressure  liktly  echoes  from  surface  dis- 
charges due  at  such  close  electrode  spacing.  ) 

Increased  power  may  also  be  produced  by  increasing  the  length 
of  the  traveling -wave  discharge.  A3  Bonifacio,  et  al.’  point  out, 
the  Intensity  will  grow  proportionally  to  the  square  of  the  inversion 
density,  and  the  pulse  width  will  decrease  inversely  proportionally 
to  the  inversion  density.  Pulse  shapes  corresponding  to  Bonifacio's 
high  gain  case  have  been  observed  emerging  from  the  forward  direction 
of  the  NRL  traveling-wave  system  (Fig.  9),  while  pulse  shapes 
corresponding  to  much  lower  gain  (greater  pulse  widths)  have  been 
seen  from  the  reverse  direction.  These  experimental 
results  confirm  the  theoretical  trend  predicted  by  Bonifacio,  while 
also  emphasizing  that  a lower  gain  reverse  direction  pulse  does 
build  up  in  a swept-gain  system. 

II.  B.3.C  COMPARISON  OF  AMPLIFIERS 

To  summarize  and  compare  these  two  vuv  amplifiers,  Table  I 
lists  some  of  the  pertinent  characteristics.  Xenon  appears  to  store 
more  energy,  but  its  wide  bandwidth  may  greatly  reduce  the  energy 
which  can  be  swept  out  by  line  radiation.  Also  it  is  difficult 
to  estimate  the  effect  of  repumping  on  the  energy  obtained  from  xenon 
in  oscillator  experiments.  On  a narrow  equal  bandwidth  basis  the 
intense  lines  of  hydrogen  may  provide  more  energy;  it  is  certain 
that  the  H2  numbers  shown  have  not  been  increased  by  repumping 
since  the  transition  is  self-terminating.  Both  systems  will  amplify 
their  own  noise,  and  this  may  present  problems  in  obtaining  a maximum 
gain  for  low  injection  powers.  Some  power  increase  may  be  obtained 
by  the  pulse  narrowing  in  the  traveling-wave  pumped  system. 

As  shown  in  Table  2 the  gain  ceof f icients,  gain  lifetimes,  and 
cross  sectional  areas  are  comparable.  Presently  100  cm  and  160  cm 
long  hydrogen  lasers  exist  at  NRL  and  the  length  of  these  traveling- 
wave  systems  can  be  increased,  in  principal,  without  limit.  Extension 
of  the  active  length  of  the  coaxial  xenon  amplifier  is  possible  with 
higher  energy  electron  beam  systems,  but  the  finite  cooperation 
length  would  limit  the  length  to  about  150  cm. 

While  not  elaborated  upon  here,  both  systems  present  about  equal 
problems  in  synchronization  with  the  picosecond  injection  pulse.  The 
longer  lifetime  of  xenon  may  assist  somewhat,  but  this  cannot  be 
assessed  without  a knowledge  of  when  and  with  whit  precision  the  external 
picosecond  pulse  must  be  injected  to  enable  it  to  dominate  the  spontaneous 
noise  that  will  be  amplified. 

Some  consideration  should  be  given  to  new  traveling-wave  pumped 
discharge  systems  such  as  NeF  which  would  amplify  at  shorter  wavelengths 
(~  1070  k)  and  which  may  store  even  greater  energy  than  with  xenon 
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TABLE 

2 

COMPARISON  OF  XENON  VS.  HYDROGEN  AMPLIFIERS 

h2 

* 

Xe2 

Wavelength 

1610  A 

1690-1760  A 
(Peak  at  1730  A) 

Energy  Stored  (Total) 

1 - 2 mj 

3 - 9 mj 

Energy  Available  (0.1  A bandwidth) 

0.1  - 0.2  mj 

? 

Gain  Coefficient 

0.18  cm  ^ 

0.25  cm  1 

Qain  Lifetime 

1 - 3 ns 

5 - 10  ns 

Active  Length  Available 
For  Amplification 

100  cm 

10  cm 

Active  Area 

„ , 2 
0.1  cm 

2 

0.125  cm 

for  the  same  configuration  These  chemical  lasers  may  generate 
enough  power  in  an  ASE  mode  to  allow  higher  harmonic  up-conversion 
to  follow,  giving  wavelengths  near  200  A or  lower  (e.g.  3rd,  5th, 
and  7th  harmonics  of  1070  A = 357,  214,  and  154  A,  etc.)*  The 
coherence  would  be  limited,  however,  as  with  any  ASE  system. 


It  is  difficult  to  decide  at  this  time  which  of  these  very 
different;  approaches  will  be  best  suited  for  amplification  of  an 
injected  short  pulse  coherent  beam.  Considerable  practical  experience 
in  the  swept-gain  amplifier  has  been  acquired  at  NRL  and  the  concept 
of  swept  gain  has  vital  general  importance  to  short  wavelength 
laser  generation,  particularly  since  it  operates  without  a resonant 
cavity.  (Indeed,  considerable  effort  is  presently  being  spent  in 
extending  the  device  to  shorter  wavelengths  with  electron  collisxonal 
pumped  ion  transitions  as  described  in  Section  Ill.D.)  For  the 
initial  experiments  and  for  an  input  pulse  of  several  Angstroms  width, 
instead  of  0.1  A in  Table  2 xenon  may  provide  comparable  energy 
and  also  may  be  easier  to  synchronize  with  the  injection  laser 
initially.  Both  amplifiers  need  much  experimental  investigation  to 
characterize  their  performance.  This  is  to  be  expected,  of  course, 
for  an  advanced  concept  of  this  nature,  and  attempts  to  increase  the 
input  power  may  pay  great  dividends  in  increased  amplifier  performance 
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III.  ELECTRON  C0LLISI0NAL  PUMPING 


J 

Pumping  of  population  inversions  in  ions  by  inelastic  collisions 
of  free  electrons  in  high  temperature  plasmas  is  attractive,  since 
proven  laser  transitions  can  at  least  in  principle  be  then  extrapolated 
to  shorter  wavelengths  along  isoelectronic  sequences. 

III. A.  NUMERICAL  MODELING 

The  overall  x-ray  laser  numerical  modeling  effort  during  this 
reporting  period  is  included  in  this  section  rather  than  separately  as 
in  previous  reports,  since  the  current  results  are  most  appropriate  for 
guidance  of  the  electron-collisional  pumping  experiments.  The  numerical 
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program  under  continual  development  is,  however,  of  sufficient  general 
applicability  for  extension  to  other  schemes,  as  will  be  described  in 
Section  III. A. 3 be’ 

III. A.  1.  3p-»3s  LASING  WITH  CARBON-LIKE  IONS 

Development  of  the  analysis  and  modeling  for  electron-col lisional 
pumping  of  ions  along  a particular  isoelectronic  sequence  is  det^ij.ed 
in  the  three  previous  reports  in  this  series  and  in  publications  , and 
will  not  be  extensively  reviewed  here.  The  advantages  of  quasi-cw 
operation  as  well  as  an  extrapolation  from  proven  near-ultra  iolet  laser 
transitions  in  light  elements  remain. 

The  initial  analysis  as  well  as  the  initial  numerical  modgligg  ^ 
were  performed  for  lasing  on  3p-»3s  transitions  pumped  from  a ls2^s  2p 
ground  configuration  in  a 6-eleccron  carbon-like  ion  (such  as  0 ) as 

shown  in  Fig.  10.  Encouragingly  large  gains  were  predicted  for  rather 
moderate  densities  (such  as  typically  produced  in  the  discharge  laser 
device).  With  the  major  intent  to  pump  such  ions  experimentally  in  a 
laser- produced  plasma  with  a second  synchronized  short  pulse  laser  (Fig.  11), 
it  became  clear  that  a higher  density  plasma  would  be  required,  since 
inverse  bremsstrahlung  absorption  in  relative  shog£  lengths  occurs  only 
for  densities  approaching  the  critical  value  (<"10  cm  for  1 |j.m 
radiation).  For  this  reason  an  extension  of  the  analysis  and  modeling 
to  higher  densities  was  undertaken.  During  this  reposing  per^gd,  w| 
have  concentrated  on  "critical"  level  densities  of  10  and  10  cm 
corresponding  to  the  neodymium,  ruby,  or  frequency-doubled  pump- laser 
ranges.  This  decision  followed  from  the  experimental  results  described 
in  Section  III.C.  below  on  interf reometric  diagnostics  of  the  expanding 
laser  evaporated  plasma,  as  well  as  from  space-resolved  diagnostics 
from  the  charge  transfer  experiment  (Section  IV),  which  indicated  the 
presence  of  a very  thin  (few  micrometers)  near-critical-density  layer 
in  which  absorption  would  dominate  (possibly  from  a normal  incidence 
second  pumping  pulse) . 

The  modeling  to  date  includes  electron-collisional  as  well  as 
radiative- decay  processes  between  all  nearby  levels  for  carbon-like 
ions  for  Z=20-45,  and  indicates  peak  gain  coefficients  for  Z=£5-30 
(700-300  A laser  wavelength  range)  in  the  range  of  50-300  cm  for 
kinetic  temperatures  of  KT  « 500  eV  to  5 keV  (considered  reasonable  for 
present  and  near- future  laser  heated  plasmas).  In  this  high  density 
modeling,  electron  and  ion  temperatures  are  assumed  equal  due  to  ex- 
tremely short  energy-equipartition  times  in  the  plasma.  Other  processes 
such  as  ionization  and  recombination  as  well  as  resonance- radiation 
absorption  are  yet  to  be  included,  with  some  expected  effect  on  the 
results.  The  resonance-radiation  trapping  is  expected  to  increase  the 
lower  laser  state  accumulation  density  and  could  possibly  lead  to  restric- 
tions on  the  maximum  diameter  of  the  linear  plasma,  i.e.,  to  be  maintained 
nearly  optically-thin  in  the  transverse  direction.  These  effects  are 
currently  being  added  to  the  model  and  the  final  results  presented  in 
the  next  report  in  this  series. 
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Fig.  10  — Simplified  energy  level  diagram  for  3p-*3s  lasing  in  6-electron 
carbon-like  ions  showing  the  most  relevant  interaction  channels  so  far  in- 
cluded within  a specific  ion.  C,  D,  and  A represent  collisional  excitation, 
collisional  deexcitation,  and  radiative  decay,  respectively.  The  dashed 
lines  represent  alternate  upper-level  depopulation  channels. 


III. A. 2. 


3s-»2p  LASING  WITH  HELIUM- LIKE  IONS 


The  3pn3s  scheme  described  above  is  most  promising  in  the  hundreds- 
of-Xngstrom  range.  For  shorter  wavelengths,  there  is  a similarly  prom- 
ising 3s-»2p  singlet  transition  ^n  2-electron  helium-like  ions,  pumped  by 
electron  collisions  from  the  Is  ground  configuration  as  shown  in  Fig.  12. 
For  ions  in  the  Z=12-25  range,  lasing  with  wavelengths  between  12  and  70  A 
could  be  expected.  Preliminary  modeling  as  described  above  has  also  been 
extended,  to  such  ions  and  indicates  maximum  gain  coefficients  in  the 
3-15  cm  range  for  temperatures  between  2 and  10  keV.  Again,  the  addi- 
tional processes  described  above  are  being  included  in  the  modeling  for 
this  transitions,  and  the  results  will  be  detailed  in  the  next  report. 

It  is  worth  noting  that  helium- like  ions  have  already  been  observed  in 
laser-produced  plasmas  for  Z as  high  as  22  and  in  vacuum  spark  plasmas 
for  Z as  high  as  29. 

A preliminary  analysis  indicates  that  the  required  pumping  power 
densities  are  not  considered  to  be  a problem  for  these  schemes,  once  the 
ions  are  created.  A portion  of  the  continuing  modeling  will  be  devoted 
to  predicting  the  feasibility  of  direct  measurement  of  inverted- level 
population  densities  prior  to  the  demonstration  of  significant  net 
amplification. 

III. A. 3.  EXTENSION  OF  MODELING  TO  OTHER  SCHEMES 

The  present  modeling  has  more  general  application  than  these  two 
particular  schemes.  With  the  inclusion  of  additional  radiative  transfer 
effects  it  will  be  convenient  to  adapt  the  present  numerical  program  to6  7' 
model  a resonance  radiation  absorption  pumping  scheme  recently  proposed  ’ . 
In  this  scheme,  intense  resonance  line  raciation  emitted  from  an  ion  in 
a plasma  is  to  be  absorbed  by  a second  ion,  exciting  an  electron  to  a 
higher  lying  level  from  which  lasing  can  take  place  to  a vacant  lower 
level,  with  subsequent  rapid  decay  to  the  ground  state.  This  scheme  has 
the  attraction  of  preferential  excitation  of  a particular  level  and  relies 
on  the  coincidence  of  matching  transition  energies  in  two  ions,  several 
of  which  have  been  identified  already.  Problems  such  as  maximum  collec- 
tion efficiency  of  the  pump  radiation  and  additional  effects  of  collisions 
have  not  yet  been  fully  addressed  and  will  be  included  in  the  numerical 
modeling  codes . 

In  the  following  three  sections  will  be  described  the  current 
results  and  status  of  the  dual-laser  plasma-heating  experiment,  as  well 
as  plans  for  investigating  the  3p-»3s  and  eventually  3s-»2p  laser  transi- 
tions described  above  in  both  the  laser  plasma  and  transverse  electric 
discharge  devices. 


Fig.  12  — Simplified  energy  level  diagram  for  3s-»-2p  lasing  in  2-electron  helium-like 
ions  showing  the  most  relevant  interaction  channels  so  far  included  within  a specific 
ion.  C,  D,  and  A represent  collisional  excitation,  collisional  deexcitation,  and  radi- 
ative decay,  respectively.  The  dashed  lines  represent  alternate  upper-level  depop- 
ulation channels. 


REFERENCES 


1.  R.  C.  Elton,  Applied  Optica  14,  97  (1975);  also  NRL  Memorandum 
Rpt.  Ho.  2799  (May  1974). 

2.  R.  C.  Elton,  in  "Progress  in  Lasers  and  Laser  Fusion,"  B.  Kursunoglu, 
A.  Perlmutter,  and  S.  M.  Widmayer,  eds..  Plenum  Publ.  Co.,  New  York, 

1975. 

3.  R.  C.  Elton,  in  "Proceedings  IV  International  Conference  on  Vacuum 
Ultraviolet  Radiation  Physics"  and  "Vacuum  Ultraviolet  Physics," 

R.  Haensch,  E.  E.  Koch,  and  C.  Kunz,  eds.,  Pergamon  Press,  1975. 

4.  R.  C.  Elton,  T.  N.  Lee,  J.  Davis,  J.  F.  Reintjes,  R.  H.  Dixon. 

R.  C.  Eckardt,  K.  Whitney,  J.  L.  DeRosa,  L.  J.  Plaumbo,  and  R.  A. 
Andrews,  Physica  Fennica  ^ 397  (1974). 

5.  R.  C.  Elton  and  R.  H.  Dixon,  Annals  New  iork  Academy  of  Sciences, 

1976. 

6.  A.  V.  Vinogradov,  I.  I.  Sobel’man,  and  E.  A.  Yukov,  Sov.  J.  Quant. 
Electron.  _5>  59  (1975). 

7.  B.  A.  Norton  and  N.  J.  Peacock,  J.  Phys.  B.  8,  989  (1975). 


III.B.  SYNCHRONIZED  DUAL  LASER  SYSTEM 

Before  proceeding  to  a description  of  recent  experiments  with  the 
dual  laser/plasma  experiment  shown  in  Fig.  11,  a description  of  recent 
progress  in  development  of  the  laser  system  is  presented. 

The  laser  facility  is  now  operational,  and  most  of  the  effort  in  this 
area  has  been  directed  toward  application  of  the  system  to  experiments 
described  in  other  sections  of  this  report.  Construction  and  charac- 
terization has  been  described  in  the  three  earlier  semiannual  technical 
reports.  To  summarize  briefly:  two  Nd;YAG  laser  oscillators,  one  mode- 

locked,  the  other  Q-switched,  are  synchronized.  A single  25-psec  pulse 
from  the  mode-locked  oscillator  is  produced  with  variable  delays  and  with  a 
jitter  of  -0.1  nsec  with  respect  to  the  appearance  of  a rectangular 
segment  of  the  O-switched  pulse  of  duration  from  1 to  10  nsec.  Both 
laser  outputs  are  at  the  1.064  pm  Nd;YAG  wavelength.  The  25-psec 
pulse  is  amplified  and  divided  in  a Nd:YAG  amplifier  chain  to  produce 
200  mJ  pulses  separated  by  a variable  delay.  A segment  of  the  Q-switched 
pulse^is  amplified  in  a Nd: glass  amplifier  chain  to  an  output  power  level 
of  10  W.  The  two  lasers  are  used  either  synchronized  or  individually  as 
the  experiments  require.  Laser  development  performed  during  this  reporting 
period  included  the  final  characterization  of  the  single-mode  Q-switched 
oscillator  and  the  addition  of  an  isolating  Pockels  cell  at  the  output  of 
the  Q-switched  amplifier  chain. 
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It  was  necessary  to  add  the  Pockels  cell  for  the  plasma  experiments. 
Without  the  isolation  provided,  reflections  of  the  laser  pulse  returned 
through  the  amplifiers  and  damaged  the  polarizing  prism  and  the  Pockels 
cell  in  the  shutter  that  selected  the  segment  of  the  Q-switched  pulse 
(Fig.  13).  Damage  to  optical  components  ceased  with  the  addition  of  the 
isolator.  Also,  secondary  pulses  on  target  and  anomalously  deep  holes 
drilled  in  the  target  by  the  laser  beam  were  prevented  with  the  iso- 
lation installed.  Voltage  is  switched  to  the  isolating  Pockels  cell 
when  a laser  triggered  spark  gap  is  fired  by  a portion  of  the  beam  from 
the  Q-switched  oscillator  (Fig.  13).  The  isolator  shutter  stays  open 
for  14  nsec,  long  enough  to  allow  complete  transmission  of  the  Q-switched 
pulse  segment.  Light  requires  29  nsec  to  travel  the  4.4-m  distance  from 
shutter  to  target  and  back  to  the  shutter.  In  that  time  voltage  is  again 
removed  from  the  Pockels  cell,  and  reflections  are  prevented  from  entering 
the  amplifier  chain. 


Single- mode  operation  of  the  Q-switched  oscillator  is  desired  to 
provide  well  -defined  pulses  for  laser  plasma  studies  and  to  allow 
maximum  amplification  while  avoiding  damage  due  to  excessive  instantan- 
eous intensities.  Such  single-mode  operation  was  achieved  with  a short 
bulld-up  time  of  125  nsec,  which  allows  synchronization  with  the  pulse 
tr  lin  of  the  mode- locked  oscillator.  Frequency  selection  was  obtained 
with  a two-element  resonant  reflector  and  a birefringent  filter  of 
c .lcite.  The  cavity  Q was  not  completely  spoiled  to  allow  buildup  of 
^uasimonochromatic  radiation  before  the  cavity  was  switched  to  high  Q. 

The  birefringent  filter  discriminates  against  widely  spaced  cavity  modes, 
and  it  is  tunable  to  the  peak  of  the  NdjYAG  fluorescence  by  rotation 
of  the  calcite  crystal.  The  resonant  reflector  consisted  of  a flat  45% 
mirror  and  a 5 cm  thick  fused  silica  flat,  with  ends  parallel  to  within 
3 seconds  of  arc.  The  resonant  reflector  provides  discrimination  against 
oscillation  on  adjacent  modes,  and  its  peak  reflectivity  is  tuned  to  the 
transmission  of  the  filter  by  fine  adjustment  of  the  spacing  of  the  two 
elements.  This  adjustment  is  provided  by  a translation  stage  driven 
by  a differential  screw  micrometer  with  resolution  of  1/8  wavelength. 

With  adjustment,  single  mode  operation  was  obtained  and  would 

last  for  typically  10  shots  before  readjustment  was  required. 


It  is  necessary  that  the  resonant  cavity  be  held  stable  to  inter- 
ferometric tolerances  to  maintain  frequency  selection  characteristics. 

The  oscillator  is  affected  by  changes  in  temperature  and  air  pressure. 
Thermal  gxpansi^n  coefficients  for  common  alloys  are  typically 
20  X 10  (°C)  . To  hoid  the  length  of  a 1-m  bench  constant  to  1/4  pm 

requires  a temperature  stability  of  0.0013  C.  A stability  of  1/4  pm 
in  cavity  optical  length  requires  that  aij  pressure  be  constant  to  0.7  Torr 
and  air  temperature  be  constant  to  0.3  C . A sealed,  temperature 
controlled  enclosure  with  constant  gas  density  would  be  required  to  obtain 
longer-term  stability  of  single- mode  performance.  If  the  Q-switched 
laser  is  operated  independently,  a short  build-up  time  will  not  be  re- 
quired for  synchronization.  In  the  case  of  independent  operation  it 
would  be  simpler  to  use  a saturable  absorber  Q-switch.  The  long 
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build-up  times  of  thjpg  Q switches  greatly  reduces  the  problems  of 
frequency  selection  * . 

REFERENCES 

1.  American  Institute  of  Physics  Handbook  (2nd  Edition),  New  York, 

McGraw-Hill  Book  Co.,  Inc.,  pp.  6-96,  1963. 

2.  M.  Hercher,  "Single-Mode  Operation  of  a Q-Switched  Ruby  Laser," 

Appl.  Phys.  Lett.,  ]_,  pp.  39-41,  1965. 

3.  W.  R.  Sooy,  "The  Natural  Selection  of  Modes  in  a Passively  Q- 
Switched  Laser,"  Appl.  Phys.  Lett.  pp.  36-37,  1965. 

III.C.  LASER/PLASMA  EXPERIMENTS 

During  this  reporting  period,  the  dual- laser  system  just  described 
was  used  mainly  for  plasma  measurements  (the  mode- locked  laser  alone 
was  also  used  for  analysis  of  losses  in  up-conversion  as  described  in 
Section  II. A. ) . 

One  of  the  proposed  methods  of  achieving  short  wavelength  lasing 
via  electron  collisional  pumping  is  to  make  an  elongated  plasma  by 
focusing  a pulse  from  a Q-switched  Nd: glass  laser  with  a relatively 
long  pulse  length  onto  a slab  target;  and  to  subsequently  inject  a 
second,  shorter  pulse  from  a mode- locked  laser  into  the  expanding 
plasma  as  shown  in  Fig.  11.  The  role  of  the  second  laser  pulse  is  to 
heat  the  expanding  plasma  rapidly  enough  to  create  a high- temperature 
plasma  state  which  will  result  in  an  inverted  population  in  the  n=3 
level  (Section  III.A.).  The  Q-switched  glass  laser  pulse  should  be 
powerful  enough  to  produce  a sufficient  number  of  the  desired  ionic 
species  of  multiply  ionized  atoms.  Several  experiments  were  performed 

to  characterize  the  expansion  of  laser-produced  plasmas.  Pulses  of  / 

5-nsec  duration  and  4J  energy  from  the  Q-switched  laser  were  used  to 

produce  Mg  plasmas  which  were  investigated  with  VUV  spectroscopy.  As 

described  in  the  last  semiannual  report,  spectroscopic  data  were 

obtained  showing  line  radiation  arising  from  such  ionic  species  as  Mg  X 

and  Mg  XI  in  the  x-ray  region  between  7.5  A ^nd  9.5  A,  from  Mg  III, 

Mg  IV,  and  possibly  a Mg  VII  2p3s  P - 2p3p  D transition  near  1625  A. 

This  lasing  scheme  also  requires  a rather  careful  selection  of  the 
time-when,  and  the  location-in  the  expanding  plasma  where  the  second 
laser  pulse  is  injected.  This  restriction  results  from  a combination 
of  a maximum  electron  density  (depending  on  the  element)  above  which 
the  level  coupling  becomes  collision  dominated  and,  perhaps  more  impor- 
tantly, on  a sufficiently  high  density  to  absorb  the  pump  radiation 
from  the  short-pulse  laser  in  a finite  plasma  length.  The  last  condition 
implies  densities  approaching  the  "critical"  value  as  described  in 
Section  III.A.  above. 
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It  is  therefore  essential  to  have  detailed  information  on  the 
teristics  of  the  expanding  plasma,  including  the  electron  density 
profile  as  a function  of  time.  Unfortunately,  no  previous  work  in  this 
direction  has  been  made,  particularly  for  the  case  of  the  line  focus. 

The  purpose  of  the  present  study  is  to  obtain  such^gxperimental  data 
with  high  spatial  (<~  10  pn)  and  temporal  (~  5 X 10  sec)  resolution. 

One  way  of  achieving  such  a goal  is  to  use  a micro- interferometric 
technique  which  allows  one  to  probe  the  plasma  with  spatial  resolution 
much  smaller  than  the  focal  spot  size  (50  pm  for  the^point  focus). 

Because  of  the  high  streaming  velocity  (v  ^ 3-4  X 10  cm/ sec)  of  the 
expanding  plasma,  the  spatial  resolution  of  the  required  magnitude  can 
only  be  obtained  with  probing  pulses  lasting  less  than  100  psec. 

2 

The  experimental  arrangement  is  shown  schematically  in  Fig.  14 
where  the  focusing  optics  for  the  Q-switched  laser  beam,  the  probing 
laser  beam,  and  the  interferometer  are  indicated.  A simple  Jamin-type 
interferometer  is  placed  inside  the  targer  vacuum  chamber,  with  the 
probing  laser  beam  passing  parallel  to  the  target  surface  and  transverse 
to  the  Q-switch  glass  laser  beam.  The  30  ps,  mode-locked  Nd:YAG  laser 
which  is  frequency  doubled  (X  = 0.53  pm)  through  a KDP  second  harmonic 
generating  (SHG)  crystal  is  utilized  as  a probing  beam,  and  the  inter- 
ferometric image  is  photographed  through  a 10  X telescope  on  ASA-3000 
speed  polaroid  film.  With  the  present  arrangement,  the  spatial  resolu- 
tion of  the  interferogram  is  limited  at  about  10  pm  by  both  the  length 
of  the  probing  pulse  and  the  imaging  optics.  The  arrangement  (see  Fig. 15) 
for  the  synchronization  of  the  Q-switched  laser  and  the  mode- locked 
laser  is  described  in  the  previous  semiannual  reports.  The  plasma  is 
generated  from  either  a point  (ps  50  pm)  or  a line  focus  of  the  Q-switched 
glass  laser  at  three  different  pulse  lengths  of  1.5  ns,  2.5  ns,  and  5.5  ns 
and  at  power  levels  of  about  1 GW.  The  targets  used  in  the  experiment 
are  slab  targets  of  aluminum  (1  mra,  0.25  mm,  and  0.025  mm  thick),  mag- 
nesium, and  polyethylene. 

Figu  16  (a  and  b --  enlarged  for  detail)  show  interf erograms  from 
from  a 0.25  mm  ki  target  irradiated  with  a point  focus  and  a 2.5  ns 
pulse  duration.  The  time  evolution  of  the  plasma  expansion  is  obtained 
with  separate  shots  by  varying  the  delay  time  between  the  main  laser 
pulse  and  the  probing  laser  pulse.  The  delay  times  shown  in  the  figures 
are  measured  from  the  10%  point  on  the  rise  of  the  Q-switched  laser  pulse. 
As  can  be  seen,  during  the  early  phase  of  the  expansion  (^  0.3  ns)  the 
plasma  is  a well-defined  hemispherical  shell  with  a diameter  roughly  the 
same  as  the  focal  spot  size.  It  expands  rapidly  outward  until  the 
cessation  of  the  Q-switched  laser  pulse.  The  boundary  of  the  opaque 
region  corresponds  to  the  region  of  high  electron -density  gradient, 
where  the  probing  laser  beam  is  deflected  out  of  the  telescope  due  to 
a large  refraction  in  the  plasma.  After  the  cessation  of  the  laser 
pulse,  the  expanding  plasma  front  becomes  increasingly  diffused  and  the 
shell  (opaque  region)  flattens  and  expands  parallel  to  the  target  sur- 
face. Figs. 17  (a,  b,  and  c)  show  similar  interferograms  obtained  with 
a line  focus  on  a Mg  target,  where  the  axial  as  well  as  side  view  of  the 
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Fig.  16(a)  Interferograms  (with  no  background  fringes)  showing  time  evolution 
of  expanding  plasma.  The  plasma  is  produced  by  irradiating  a 0.25  mm  ASi-target 
with  a point  focus  and  with  a 2.5  ns  laser  pulse  duration.  The  time  sequence  is 
obtained  with  separate  shots  by  varying  the  delay  time  between  the  main  laser 
pulse  and  the  probing  laser  pulse. 
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Fig.  16(1/)  - Interferograms  (with  no  background  fringes)  showing  time  evolution 
of  expanding  plasma.  The  plasma  is  produced  by  irradiating  a 0.25  mm  AK-target 
with  a point  focus  and  with  a 2.5  ns  laser  pulse  duration.  The  time  sequence  is 
obtained  with  separate  shots  by  varying  the  delay  time  between  the  main  laser 
pulse  and  the  probing  laser  pulse. 
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Fig.  17(c)  — Interferograms  obtained  with  a line  focus  on  a Mg-target,  where  axial  as  well  as  side  view  of 
the  elongated  plasma  are  recorded.  The  interferograms  taken  along  the  axial  view  have  background  fringes. 
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elongated  plasma  are  recorded.  The  interf erograms  taken  along  the 
axial  view  have  background  fringes,  allowing  time-  and  space-resolved 
electron  density  measurements  to  be  made.  The  electron  density  of  the 
expanding  cylindrical  plasma  is  plotted  as  a function  of  distance  away 
from  the  target  surface  at  various  time  delays  in  Fig,  18.  Since  the 
plasma  is  considerably  elongated  along  the  line  of  sight  compared  with 
its  width,  a vigorous  Abel  inversion  of  the  experimental  points  is  not 
required  for  the  present  study.  As  can  be  seen,  the  electron  density 
gradient  of  the  plasma  front  is  fairly  steep  at  the  early  stage  of  the 
expansion,  but  the  front  becomes  quickly  diffused  as  time  elapses,  par- 
ticularly after  the  end  of  the  laser  pulse.  As  mentioned  earlier,  the  ^ 
maximum  electron  density  measurable  is  limited  to  value  of  about  2.5  X 10 
electrons/cin  due  to  the  steep  electron  density  gradient  at  a distance 
about  100  pm  from  the  target.  Note  that  there  is  nearly  a two  orders-of- 
magnitude  difference  in  electron  density  at  this  location  and  the  critical 
(~  10^1  cm"/ ) surface.  The  lower  limit  of  the  measurable  electron  density 
(~  101B  cm  ; on  the  other  hand  is  determined  by  the  minimum  detectable 
fringe  shift  (~  1/4  fringe).  In  Figs.  19  through  21,  the  location  of 
extreme  detectable  edge  of  the  plasma  is  plotted  as  a function  of  time 
for  three  different  Q-switched  pulse  lengths^  The  electron  density  at 
this  position  is  roughly  constant  (^10  cmJ).  The  following  conclu- 
sions can  be  derived  from  such  experimental  data: 


1)  The  acceleration  of  the  plasma  takes  place  at  very  early  times 
(<  200  psec)  and  within  a very  short  distance  from  the  target  (^  50  pm). 


2)  The  velocity  of  the  iso-density  front  remains  nearly  constant 
during  the  duration  of  the  laser  pulse  (except  in  the  case  of  the  longest 
pulse  duration)  and  the  measured  velocity  [(3.5  - 4)  J.(jl  cm/ |^c]  is  ^ 
apparently  independent  of  the  laser  power  density  (10  - 10  watts/cm  ), 

the  laser  pulse  length  (1.5  - 5.5  ns),  and  the  target  material. 


3)  In  the  case  of  a very  thin  target  (AX:  250  pm  and  25  pm  thick) 
the  iso-density  front  contracts  rapidly  towards  the  target  as  soon  as  the 
laser  pulse  ceases. 


4)  In  the  case  of  the  polyethylene  target  (<~  2.5  mm  thick)  the 
velocity  seems  to  remain  constant  (~3,5  X 10^  cm/sec)  until  well  after 
the  laser  pulse. 


5)  The  plasma  produced  by  the  line  focus  remains  relatively  stable 
and  free  of  macroscopic  plasma  instabilities  during  and  well  after  the 
duration  of  the  laser  pulse. 
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Electron  density  distribution  of  the  expanding  cylindrical  plasma 
as  a function  of  distance  at  various  time  delays 


Fig.  19  — Location  of  iso-electron  density  front  (.~10^-®/cm3)  as  a function  of  time.  The 
duration  of  the  main  laser  pulse  is  2.5  ns  and  plasmas  are  produced  by  line  focus  onto  a 
0.25  mm  AC-target  and  by  a point  focus  onto  a 0.25  mm  AC-target,  respectively. 
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Fig.  21  — Iso-electron  density  front  of  expanding  plasma  as  a function  of  time.  The  0.25 
mm  AC  and  polyethylene  targets  are  irradiated  by  the  1.5  ns  main  laser  pulse. 
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lll.D.  PLANS  AND  ALTERNATIVES 


While  it  is  still  premature  to  attempt  to  pinpoint  either  a single 
most  promising  transition  or  the  best  experimental  approach  and  condi- 
tions for  electron  collisional  pumping,  a brief  summary  of  current  thinking 
is  perhaps  in  order  at  this  point. 


III. D. 1.  TRANSITIONS  AND  OPERATING  REGIMES 


The  two  schemes  currently  being  modeled  as  described  in  Section 
III. A.  above,  namely  3p-»3s  and  3s-*2p,  are  representative  of  typical 
vacuum-UV  and  soft  x-ray  possibilities  and  possess  the  additional  attrac- 
tion of  potential  quasi-cw  operation  and  extrapolation  from  existing 
near-UV  lasers.  They  appear  to  be  appropriate  test  cases  for  modeling 
"conventional"  electron-collisional  pumping  at  least.  The  results  derived 
to  date  are  probably  most  reliable  for  the  3p^3s  transition  in  the  vacuum- 
UV  region  at  "moderate"  plasma  densities  (^lO1  cm  ),  where  resonance 
trapping  and  collisional  mixing  effects  can  be  minimized  and,  perhaps,  an 
enhanced  election  temperature  (compared  to  ior.  ten*  rature)  can  be  main- 
tained for  a useful  lasing  period,  yielding  even  high  gain.  At  higher 
densities,  the  analysis  becomes  more  complex  as  such  additional  effects 
are  added  and  the  full  impact  is  not  yet  known.  The  most  recent  modeling 
described  above  is  at  very  high  "critical  absorption"  densities  (~  1CT1  cni  ) 
and  it  is  possible  that  some  intermediate  value  will  prove  to  be  most 
promising. 


III.D.2.  LASER/TARGET  PRODUCED  PLASMAS 


From  the  extensive  diagnostic  experiments  described  in  Section  III.C. 
above,  it  appears  clear  that  small,  cylindrical  plasmas  created  by  vapor- 
ization of  target  material  by  a f o<^sed_^igh-power  laser  beam  are  best 
defined  at  density  greater  than  10 cm"  , a regime  where  further  modeling 
will  be  necessary  to  fully  access  the  potential  in  a freely  expanding 
plasma  of  this  sort.  It  is  also  clear  now  that  further  impulse  heating 
would  have  to  be  performed  near  a normal  to  the  target  surface  plane 
rather  than  transverse  (axially)  as  i^ica^d  in-jFig.  11,  since  signifi- 
cant absorption  only  occurs  in  the  10-10  1 cm"  density  range  very 
close  to  the  target  surface  in  a high  gradient  region.  It  would  be 
extremely  difficult  to  align  and  synchronize  a narrow  beam  with  a uniform 
layer  in  such  an  orthogonal  configuration.  It  is  with  these  thoughts  in 
mind  that  the  a^lysi^  described  in  Section  III. A.  above  are  underway  at 
a density  of  10  cm 
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III.D.3.  TRANSVERSE  DISCHARGE  DEVICE 


Electrons  have  a much  shorter  absorption  length  than  photons  and 
are  more  attractive  for  plasma  heating  at  moderate  densities  cm"3). 

A transverse  excited  traveling  wave  discharge  device  such  as  developed 
at  NRL  for  ^lasing  operates  in  this  density  region  over  lengths  of  1 


meter  or  more,  and  should  be  considered  further  for  electron- pumped  ion 
laser  development.  An  encouraging  factor  here  is  a past  observation1 


of  CIV  emission  at  low  pressures,  probably  initiated  by  surface  discharge 
vaporization.  There  was  alsooevidence  of  net  gain  on  the  2p-*2s  resonance 
lines  (near  1500  A)  of  this  C species.  It  is  therefore  planned  for  the 
next  reporting  period  to  further  study  ion  production  in  this  device, 
with  one  goal  being  the  achievement  of  3p->3s  lasing.  Initial  studies  will 
concentrate  on  reproducing  the  C IV  results  with  increased  supporting 
diagnostics , on  ascertaining  the  axial  distribution  of  emission,  and  on 
comparing  with  other  carbon-line  emission.  An  understanding  of  the 
mechanism  for  amplification  on  the  C IV  lines  observed  would  be  of  im- 
mense importance,  both  for  the  possibility  of  isoelectronic  extrapola- 
tion of  lasing  to  shorter  wavelengths  and  for  the  very  fundamental 
process  of  inverting  a resonance  transition  involving  a lower  ground 
state  of  an  ion. 


III.D.4.  SUMMARY 


In  summary,  current  high  density  modeling  will  determine  the  future 
direction  of  laser/target  plasma  experiments  for  electron-collision, ll 
pumping.  Reactivation  of  the  transverse  discharge  device  at  low  pressure 
operation  with  improved  diagnostics  will  ascertain  the  desirability  of 
proceeding  with  and  expanding  future  efforts  in  direct  discharge  heating 
for  this  basic  pumping  scheme. 
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IV.  RESONANT  CHARGE  TRANSFER  PUMPING 


Ion-atom  collisions  in  which  the  resonant  charge  transfer  process 
predominates  Ijia^e^been  discussed  in  previous  reports  for  this  program 
and  elsewhere  and  particularly  promising  ion-atom  combinations  have 

been  cited.  The  initial  experiment  to  determine  enhanced  level  popula- 
tions of  specific  spectral  lines  is  diagrammed  in  Fig.  22.  The  6 Joule, 
20  nsec  laser  pulse  is  point  focused  onto  the  carbon  target  to  obtain 
the  maximum  laser  beam  energy  density.  Analysis  of  the  laser  plasma 
emission  as  it  expands  into  a background  gas  is  primarily  done  using 
spatially-resolved  grazing- incidence  spectra. 
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IV. A.  SOFT  X-RAY  SPECTRA 


Enhanced  level  populations  will  be  determined  by  comparing  line 
ratios  obtained  with  a background  gas  to  line  ratios  obtained  in  a 
vacuum.  In  order  to  facilitate  this  determination,  and  as  a check  on  the 
reproducibility  of  the  experiment,  a plot  of  photographic  density  vs. 
distance  from  target  was  generated  for  the  CV  n P ->  1 S series  in  vacuum. 
These  plots  are  shown  in  Fig.  23  (and  can  be  converted  to  exposure  vs. 
distance).  The  curves  will  be  adjusted  as  additional  vacuum  data  be- 
come available;  however,  their  basic  features  are  expected  to  remain 
intact.  At  distances  greater  than  0.8  mm,  the  total  line  intensity 
ratios  scale  approximately  as  expected,  particularly  for  those  lines 
associated  with  transitions  originating  on  levels  with  principal  quantum 
number  n 2:  3.  The  2 p -t  la  first  resonance  line  appears  to  have  an 
enhanced  emission  which  may  be  associated  with  a correspondingly  higher 
oscillator  strength  compared  to  the  other  lines  of  the  series.  In  the 
;?gion  below  0.8  mm  a deviation  from  the  normal  intensity  probably  results 
from  reabsorption  caused  by  opacity  effects.  These  curves  are  used  to 
establish  the  vacuum  line-intensity  ratios  for  comparison  with  the 
background-gas  line-ratios. 

Grazing  incidence  spectra  of  the  las^r  plasma  formed  at  the  surface 
of  a carbon  target  have  now  been  obtained  with  and  without  helium  back- 
ground gaSj  The  analysis  remains  inconclusive  at  this  point  because  the 
CV  n P -»  Is  (n=3,4,5)  lines  are  very  weak  in  the  region  of  interest 
(see  IV. B.  below)  and  are  below  the  linear  range  of  the  emulsion  density- 
exposure  characteristic  curve.  Plans  are  now  underway  to  move  the  target 
closer  to  the  entrance  slit  for  better  x-ray  collection.  Also,  laser 
reproducibility  is  being  checked  in  anticipation  of  having  to  take  more 
shots  per  plate  exposure. 

IV. B.  VISIBLE  HELIUM  SPECTRA 


In  addition  to  the  grazing  incidence  spectrograph,  both  prism  and 
grating  spectrographs  were  set  up  to  observe  the  visible  region  of  the 
laser-plasma  emission.  These  were  stigmatic  instruments  wh^se  main 
purpose  was  to  determine  the  ratio  of  neutral  helium  -to -He+  |^n  con- 
centration, especially  around  the  plasma  density  Region  (^  10  cm  ) 
where  charge  transfer  is  expected  to  be  observed.  Extrapolation  of 
data  from  a similar  experiment  indicates  this  density  region  occurs 
around  2 mm  from  the  target  surface.  An  excess  of  He  ions  in  this 
region  would  indicate  a depletion  of  carbon  ion-neutral  helium  charge 
transfer  reactions,  in  Fig.  24  portions  of  the  visible  spectra  obtained 
using  a carbon  target  a re  shown  with  tentative  line  identifications.  The 
top  spectrum  was  taken  with  a stigmatic  prism  spectrograph.  Because  of 
the  limited  resolution  of  the  prism  instrument  at  longer  wavelengths,  a 
portion  of  the  spectrum  was  observed  with  a 0.75  m grating  spectrograph. 
This  spectrograph  p roduced  the  middle  spectrum  of  the  figure.  In  order 
to  isolate  the  Hell  686  A line  from  nearby  carbon  emission,  the  bottom 
spectrum  was  taken  through  the  grating  instrument  using  a boron-nitride 
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Fig.  24  — Spectra  of  the  visible/near-UV  emission  from  a laser-target  plasma  im- 
mersed in  a 20  Torr  He  background  gas.  The  top  spectrum  was  taken  with  a 
quartz  prism  spectrograph  which  observes  59  mms  of  the  plasma,  both  tnrough 
the  acrylic  plexiglass  chamber  wall  and  also  through  a quartz  window.  The 
second  and  third  spectra  were  taken  using  a normal  incidence  grating  spectro- 
graph with  a linear  plate  factor  of  11  A /min.  In  the  bottom  spectrum  a boron 
nitride  target  was  used;  the  top  two  spectra  were  taken  with  carbon  targets. 
Emphasized  here  is  the  presence  of  two  He+  ion  lines  (He  II)  at  distances  greater 
than  4 mm  from  the  target  surface. 
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target.  Although  preliminary  observations  indicate  a weak  He  (and  stro  g 
neutral  helium)  concentration  beginning  several  millimeters  away  from  the 
target j and  a minimum  amount  of  He* within  5 mm  of  the  target,  a conclusiv 

determination  of  the  location  of  He+  ions  will  be  ° ta;"ed  J 1 

lines  are  completely  identified  and  analyzed.  This  identification  pro 
cess  is  now  in  progress.  Note  also  in  Fig.  24  that  many  of  the  neutral 
helium  lines  (at  4471  1,  for  instance)  continue  into  the  continuum 
rounding  the  target,  indicating  the  strong  presence  of  neutral  helium 
throughout  the  plasma  region. 

IV. C.  PLASMA  DIAGNOSTICS 

Line  identification  of  the  carbon  target  spectrum,  especially  the 
impurity  line  emission,  is  helpful  in  obtaining  the  plasma  temperature 
in  spatially  resolved  regions.  This  line  analysis  is  continuing,  and 
determination  of  several  persistent  impurity  lines  in  the  grazing  in- 
cidence spectrum  (which  have  been  observed  but  not  identified  in  other 
experiments)  have  been  made.  These  ^nes  have  now  been  identified  with 
3-»2  transitions  in  a lithium- like  Na  * impurity  ion.  They  occur  in  the 
region  of  the  plasma  near  the  target  and  indicate  a plasma  temperature 
in  that  region  of  around  100  eV,  consistent  with  the  appearance  of 
strong  C5*  ion  lines  in  the  same  area. 

A knowledge  of  thi  plasma  density  in  the  very  dense,  near- target 
region  would  be  extremely  helpful  in  several  respects.  Information  on 
the  density  in  this  area  can  be  extrapolated  to  greater  distances  by 
relative  line  broadening  measurements.  Also,  the  space-resolve  so 
x-ray  spectra  can  yield  valuable  information  on  the  critical  density 
layer  for  the  electron-collis ional  pumping  research  described  in  Section 
III  above,  and  possibly  for  the  resonance- line  absorption  scheme  to  be 

modeled  soon.  , 

Two  surprising  features  of  the  soft  x-ray  carbon  spectra,  besides 
the  relatively  weak  2iP-»lIS  CV  resonance  line  in  the  high  density  region, 
are  .he  strong  satellite  lines  for  CIV  and  the  presence  of  an  intense 
line  at  the  wavelength  for  the  2Jp-*liS  intercombination  line,  which  is 
not  expected  to  be  present  at  such  high  densities.  A preliminary 
association  of  this  latter  line  with,  instead,  a plasma  satellite  line 
yields  a density  very  close  to  the  critical  plasma  density  expected  for 
laser  absorption.  This  is  a matter  deserving  further  study,  particular  y 
if  the  high-density  collisional  pumping  modeling  continues  to  prove 
optimistic. 

IV. D.  TECHNIQUES 

In  the  previous  semiannual  technical  report  a problem  with  target 
debris  clogging  the  spectrograph  entrance  slit,  especially  with  back- 
ground gas  present,  was  outlined.  At  that  time  an  apparatus  to  back 
flush  the  slit  after  each  shot  was  being  designed.  This  unit  is  now 
installed  and  has  successfully  eliminated  the  slit  debris  problem. 
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Because  of  some  inherited  surface  damage  to  the  laser  rod,  the  maximum 
power  of  500  MW  could  never  be  realized  without  further  damaging  the  ruby 
rod.  In  order  to  increase  the  power  and  simplify  the  laser  damage  situation, 
the  ruby  rod  has  been  replaced  with  a neodymium  glass  rod  (which  requires 
no  antireflectance  coatings).  The  Pockels  cell  crystal  suffered  from 
similar  surface  damage  and  is  presently  being  replaced. 


IV.  E.  ANALYSIS 


Stimulated  by  a recent  discussion  with  Professor  Isl^r  from  the 
University  of  Florida  following  a conference  presentation,  the 
charge  exchange  cross  section  analysis  was  reexaamined.  After  a recheck 
of  the  Zwally-Koopman  formulation  presently  used  for  calculating  Landau- 
Zener  cross-sections  and  further  communications  with  Professor  Isler, 
calculations  were  also  completed  using  the  Landau-Zener  type  approach 
preferred  by  Professor  Isler.  Both  methods  yield  ^imilajr  results  and 
predict  a high  cross  section  for  the  He  4 C '♦He  4-  C resonance 
charge  exchange  reaction  c irrently  under  study.  Afjain,  it  should  be 
emphasized  that  the  Landau-Zener  theory,  when  applied  to  our  situation, 
is  at  best  inexact  because  of  the  approximations  made  in  the  derivation. 
The  theory  should  be  used  only  as  an  indicator  of  the  transition  most 
likely  to  experience  the  resonance  charge  transfer  effect.  In  this  re- 
spect, the  relatively  simple  experiment  serves  as  a check  on  -he  applica- 
bility of  the  theory. 
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V.  SUMMARY 


As  planned,  we  have  concentrated  during  this  reporting  period  on 
definitive  measurements,  at  some  cost  in  pump-source  development,  for  an 
interim  assessment  of  the  approaches  pursued  with  the  continued  goal  of 
identifying  a promising  approach  in  FY-77  for  concentration  of  d?velop- 
mental  effort.  The  most  significant  advancements  during  this  reporting 
period  for  the  various  program  areas  are  as  follows: 


I * L 


NONLINEAR  MIXING  AND  AMPLIFICATION 


The  emphasis  during  this  reporting  period  has  been  on  optimiza- 
tion of  the  tunable  visible  emission  prior  to  transfer  to  the 
vacuum-UV  region.  The  significant  progress  towards  this  end  in 
the  various  components  involved  is  in  understanding  the  limitations 
on  efficiencies  as  reported  in  Section  II.  Adaptation  of  the 
H2  laser  for  integration  with  the  frequency  upconverted  beam  has 
begun. 


ELECTRON- COLLISIONAL  PUMPING  EXPERIMENT 


Extensive  interferometric  studies  have  resulted  in  the  first 
detailed  density  profiles  from  a laser-evaporated  target  plasma 
on  a 30  ps  time  scale.  Both  point  and  line  focus  configurations 
were  studied.  The  results  indicate  a large  density  gradient 
very  close  to  the  target  surface  for  the  high  densities  required 
for  absorption  of  a second  pumping  laser  beam.  Also,  a deteriora- 
tion of  cylindrical  symmetry  at  expansion  distances  required  for 
densities  below  10  cm  is  to  be  expected.  The  present  con- 
clusion is  that  near-critical  density  absorption  of  a normal- 
incidence  beam  is  the  more  desirable  configuration,  and  modeling 
is  proceeding  in  this  direction  as  summarized  below. 


Planning  of  tests  at  lower  densities  (consistent  with  confidence 
in  present  modeling)  were  begun,  based  also  upon  promising  ex- 
perience with  a transverse  discharge  traveling-wave  device  at 
low  pressure  operation.  Definitive  measurements  on  this  device 
are  planned  for  the  next  reporting  period  in  this  portion  of  the 
program. 


RESONANT  CHARGE  TRANSFER  EXPERIMENT 


A mapping  of  CV  and  CVI  spectral  lines  in  the  soft  x-ray  region 
as  a function  of  distance  from  the  target  has  indicated  signifi- 
cant reabsorption  of  the  first  resonance  line  in  the  high-density 
region  close  to  the  surface.  However,  higher  series  members 
appear  to  emit  in  reasonable  intensity  ratios  and  should  be  reliable 
for  relative  comparisons  with  helium-background  spectra,  particu- 
larlyllurti?5!r  from  the  target  where  the  desired  densities 
10  cm  ) occur  for  this  process. 
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A very  preliminary  analysis  of  spectral  features  in  the  high- 
density  region  indicate  the  possibility  of  a critical  density 
10  cm  ) layer,  which  would  be  in  support  of  the  electron 
collisional  pumping  experiment  described  earlier.  Space- 
resoived  visible- spectra  have  been  obtained  for  He  I and  He  II 
lines,  from  which  the  ratio  of  helium  atoms  to  ions  can  be  es- 
timated as  a function  of  distance  from  the  surface.  Present 
results  do  not  indicate  a high  degree  of  preionization  which 
would  be  detrimental  to  an  efficient  carbon- ion/neutral  atom 
interaction  zone. 


ANALYSIS  AND  MODELING 


6.  Development  of  a quite  general  numerical  model  has  continued  with 
present  emphjyis  og.  electron-collisional  pumping  in  the  high-density 
regime  (~  10  cm  ) appropriate  for  the  laser/ target  plasma  ex- 
periment. Radiative  transfer  effects  are  currently  being  added, 
which  will  allow  convenient  application  to  a new  resonance- 
absorption  pumping  scheme  of  current  interest  because  of  its 
inherent  selectivity  of  the  upper  laser  level. 

7.  In  an  attempt  towards  an  increased  understanding  of  the  selec- 
tivity of  the  resonance  charge  transfer  scheme,  discussions  with 
interested  theoreticians  have  taken  place  and  partial  assistance 
has  been  negotiated  with  an  experienced  N.R.L.  theoretician  for 
the  next  reporting  period.  It  is  expected  that  such  guidance 
can  be  of  significant  assistance  as  the  experimental  parameters 
are  varied  in  search  of  resonance  effects. 

REVIEW  OF  X-RAY  LASER  FIELD 

8.  An  accomplishment  during  this  reporting  period  has  been  the 
completion  of  a comprehensive  review  article  on  the  x-ray  laser 
research  fiel’,  as  of  an  October  1975  completion  date.  The 
article  has  been  accepted  for  publication  in  Proceedings  of  the 
IEEE  in  1976,  and  a preprint  is  included  in  the  Appendix. 

In  brief,  this  reporting  period  has  seen  a definitive  study  of  the 
conditions  to  be  encountered  in  the  laser/ target  plasma  approach,  which 
has  precipitated  a reevaluation  of  the  associated  analysis  to  high  densities 
and  of  the  experiment  to  a normal- incidence  pump-pulse  mode.  Additional 
consideration  of  electron  discharge  pumping  has  resulted  also  from  these 
studies.  The  charge  transfer  experiment  is  now  yielding  definitive  data. 

The  nonlinear  mixing  experiment  is  ready  for  conversion  to  the  vacuum-UV 
in  the  near  future  with  optimum  efficiency.  It  is  anticipated  that  a 
significant  overall  narrowing  of  options  will  continue  towards  our  mid- 
FY-77  goal. 


Finally,  reprints  of  publications  and  presentation  abstracts  are 
included  in  the  following  Appendix,  including  the  comprehensive  review 
article  described  above.  These  represent  work  completed  during  this 
period  and  are  included  to  provide  further  details  on  various  portions 
of  the  program. 
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Micro-Interferometric  Study  of  Laser-Generated 
Plasmas  Using  30  psec  Probing  Pulses.  J.  F.  REINTJES, 

T.  N.  LEE,  R.  C.  ECKARDT,  R.  C.  ELTON,  and  R.  A. 

ANDREWS,  Naval  Research  Laboratory— We  report  on  a micro- 
interferometric  study  of  plasmas  generated  by  2 ns 
pulses  from  a Nd: glass  Q-switched  laser  containing 
energies  of  1 J and  focused  to  intensities  of  1012  W/cm. 
The  plasmas  are  probed  with  a precisely -timed  30  psec 
pulse  from  a mode-locked  Nd: YAG  laser,  frequency 
doubled  to  0.53  jan.  The  use  of  mode-locked  pulses  al- 
lows spatial  resolution  to  10  fjm  at  typical  plasma  ex- 
pansion velocities  of  107  cm/sec.  Measurements  of 
plasma  dimensions,  electron  densities  and  expansion 
velocities  for  both  line  and  point  foci  are  presented  as 
a function  of  the  time  delay  between  the  mode-locked  and 
Q-switched  pulses.  Measurements  of  forward  and  back- 
ward streaming  plasmas  generated  from  thin  targets  are 
compared  to  determine  effects  of  radiation  pressure. on 
plasma  expansion. 
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Formation-Process  of  Minute  Plasmas  in  a 
Vacuum  Spark.  T.  N.  L£E,  Naval  Research  Laboratory — The 
vacuum  spark  discharge  produces  extremely  small 
(10-50  im) , high  power  density  (1015  W/cm2)  plasmas, 
each  of  which  emits  a x-ray  pulse  of  a few  nanoseconds. 
These  plasmas  often  form  a bead-like  (or  clustered) 
structure  with  beads  spaced  as  close  as  50  iim  in  dis- 
tance! and  several  nanoseconds  in  time.  Simultaneous 
measurements  of  the  distance  (Ad)  and  the  time  interval 
(At)  of  two  successive  point  plasma  formations  show  a 
relation  of  Ad/At  ~ 10*>  cm/sec,  which  corresponds  to 
the  velocity  of  the  anode  plasma  front!.  This  is  a 
strong  indication  that  the  bead-like  feature  is  not 
related  to  random  break-ups  of  a pinched  plasma  column 
due  to  a sausage  type  (m«o)  instability.  According  to 
the  experimental  results  obtained,  the  plasma  con- 
striction takes  place  in  two  sfeps,  i.e.,  a relatively 
uniform  pinch  of  the  plasma  coltmn  to  a diameter  of  1 ran 
or  less  is  followed  by  a localized  micro-pinch  within 
a time  interval  of  a few  hundred  nanoseconds.  Multiple 
micro-pinches  are’  responsible  for  the  observed  clustered 
point  plasma ' structure . 

!t.  N.  Lee,  Annals  of  New  York  Acad.  Sci.  251  112  (1975) 
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Resonance  Charge  Transfer  Effects  Between 
Impurity  Ions  and  Neutral  Atoms  in  Plasma  Boundary 
Regions.  R.  H.  DIXON,  J.  L.  DeROSA,  R.  A.  ANDREWS,  and 
R.  C.  ELTON,  Naval  Research  Laboratory-High  Temperature 
plasma  cooling  and/or  lowering  of  plasma  heating  rates 
caused  by  processes  involving  boundary  layers  impurities 
are  of  concern  for  fusion  devices.  Resonance  charge 
transfer  between  impurity  ions  of  charge  z and  neutral 
atoms  is  of  particular  interest  because  of  the  large 
cross-section  (~10_16z2  cm2)  involved.  An  experiment  is 
described  in  which  *_he  primary  objective  is  to  demon- 
strate a significant  effect  of  the  resonance  charge 
transfer  process  on  the  populating  of  certain  excited 
states  of  ions  when  interacting  with  particular  neutral 
atoms.  Stripped  ions  of  various  typical  impurity  ele- 
ments such  as  carbon  and  oxygen,  and  eventually  heavier 
"wall"  materials,  are  generated  by  a focused  laser  beam 
and  allowed  to  expand  into  a neutral  gas  (such  as  hydro- 
gen, deuterium  or  helium).  The  effect  of  the  charge 
transfer  process  is  expected  to  be  evidenced  by  enhanced 
line  emission  in  space-resolved  grazing  incidence 
spectra.  Preliminary  results  obtained  using  a laser  of 
500  MW  peak  power  focused  onto  a carbon  target  surrounded 
by  helium  at  pressures  ranging  from  1 to  100  Torr  will  be 
presented . 
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Study  of  Expansion  Characteristics  of  Laser 
Produced  Plasmas  Using  a Micro-InterferometrvW.  j_  p_ 
REINTJES,  T.  N.  LEE,  R.  C.  ECKARDT,  R.  C.  ELTON,  and  R. 

A.  ANDREWS,  Naval  Research  Laboratory — High  quality  in- 
terferograms  of  laser  produced  plasmas  with  spatial  res- 
olution of  15  micrometers  are  obtained  using  a rel- 
atively simple  Jamin-type  interferometer  and  a precisely- 
timed  30  ps  probing  laser  pulse  from  a mode-locked 
Nd : YAG  laser,  frequency  doubled  to  0.53  ^on.  The  spatial 
resolution  attainable  with  the  present  arrangement  is 
limited  by  the  velocity  of  the  expanding  plasma  and  the 
finite  duration  of  the  probing  pulse.  The  plasmas  are 
produced  by  focusing  a Nd: glass  Q-sv/itched  laser  pulse 
(0.5  GW,  10  -1013  Watts  cm“2)  onto  slab  targets  of 

A£,  Mg,  and  CII2 - Time-dependent  behaviors  of  electron 
density  distribution  plasma  dimension,  and  expansion 
velocity  for  both  point  and  line  foci  are  made  as  a 
function  of  time  delay  between  the  mode-locked  and  the 
Q-switched  laser  pulses.  The  results  thus  obtained 
with  different  durations  of  the  heating  (Q-switched) 
pulse  and  with  the  various  target  mater Lai  are  compared. 
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AN'  ELECTRON-COLLISION  PUMPED  QUASI-CW  SOFT  X RAY  LASER  USING  HELIUM-LIKE  IONS 

L.  J.  Palumbo  and  R.  C.  Elton 
Naval  Research  Laboratory,  Washington,  D.  C.  203  75 


A steady-state  analytical  plasma  model  has  been  applied  to  a quasi-cw 
electron-collisional  pumping  scheme  for  producing  soft  x-ray  lasing  on  the 
3s  1S  -*  2p  1P  transition  in  helium-like  ions.  The  estimates  of  pump  power 


requirements,  gain  coefficient,  and  optimum  element  indicate  that  lasing  may 


-1 


be  obtained  in  the  20  - 70  k region  with  a gain  of  > 10  cm  in  moderate-?. 


plasmas  under  conditions  existing  in  present  and  forthcoming  pellet  fusion 


experiments.  The  ls3s  S upper  laser  level  is  pumped  by  electron  collisional 

2 1„ 


excitation  from  the  Is  S ground  level,  lasing  takes  place  by  transitions 
1 12  1 

into  ls2p  P,  and  rapid  ls2p  p -♦  Is  S decay  prevents  self  termination, 


i,  e.,.quasi-cu  operation  is  expected.  The  upper  laser  level  is  also  depop- 

1 


ulated  by  electron-impact  excitation  into  the  nearby  ls3p  P term,  which 
imposes  an  upper  limit  on  the  electron  density  for  a given  element.  A pop- 
ulation inversion  is  maintained,  even  though  the  electron -impact  excitation 
rates  from  the  ground  state  into  both  the  3s  and  2p  levels  are  comparable, 
because  rapid  2p  -»  Is  decay  prohibits  accumulation  in  the  2p  level  while 
the  3s  level  is  not  dipole  coupled  directly  to  the  ground  state. 


The  equations  for  the  steady-state  population  densities,  and  N£> 
of  the  upper  and  lower  laser  levels  are. 


N.  S X.. 
1 e 13 


N1  Ne  X12  + N3(A32  + Ne  X32>  . 


A32  + Ne(X32  + X34^ 


21 


2 1 1 l 

where  the  subscripts  1 through  A refer  to  the  Is  S,  ls2p  P,  ls3s  S,  and 


ls3p  levels,  respectively.  The  A's  are  spontaneous  radiative  decay  rates, 
the  X's  are  electron  collisional  excitation  or  deexcitation  rate  coefficients 
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and  the  N's  are  the  population  densities  with  being  the  electron  density. 

The  deexcitation  rate  coefficient,  X32,  is  computed  from  X23  by  detailed  bal- 
ancing. Required  energy  level  spacings,  etc.  were  taken  from  published  da^a 
and  scaled  appropriately  with  spectrum  number.  The  ground  state  density, 

was  obtained  from  N by  assuming  charge  neutrality,  100  % abundance  of 
e 

helium-like  ions,  and  small  fractional  populations  of  excited  levels. 

Figure  1 shows  some  results  of  gain  at  two  (high)  electron  densities. 

A gain,  coefficient,  a,  of  >10  cm"1  is  desired  because,  even  with  very  large 
pump  laser  systems,  it  may  be  difficult  to  form  a plasma  of  the  required  temp- 
erature and  density  with  a length  of  more  than  a few  millimeters.  These 
curves  are  typical  of  those  computed  over  a wide  range  of  electron  density 
and  temperature.  The  curves  show  an  increase  in  gain  with  Ne>  an  optimum  Z 
at  a given  density,  a rapid  decrease  in  a for  Z larger  than  this  optimum,  and 

a Z ’ cutoff  below  which  the  computed  inversion  density  is  negative.  The 
min 

-2  5 

gain  scales  analytically  as  ~(Z  - 1)  * when  collisional  processes  dominate 

the  3s  lS  level  depopulation  (low  Z or  closely  spaced  energy  levels)  and  as 
~(Z  - 1)*®'**  when  the  prominent  mode  of  depopulation  is  by  spontaneous 
laser-line  emission.  For  a given  Z,  the  highest  gain  is  attained  when  the 
electron  temperature  is  approximately  twice  the  Is  -*  3s  excitation  energy , 

AE  This  is  a consequence  of  the  fact  that  N X.,,  the  rate  for  the 
dominant  process  populating  the  upper  laser  level,  reaches  a peak  at  kT^  K 

2 AE13;  for  higher  temperatures,  this  rate  falls  off  slowly  and  the  laser 

pumping  rate  decreases.  An  ion  temperature  less  than  the  electron  temperature, 
which  mav  occur  in  a transient  laser  plasma,  would  increase  the  gain  in  the 
plotted  curves  by  a factor  of  due  to  a reduced  Doppler  width. 

The  production  of  plasma  with  the  density  and  temperature  required  to 

- 2 - 

60 


Ottawa 


■ 


i 


i 


I 


1 


L.  J.  Palumbo  and  R.  C.  Elton,  . . . QUASI-CW  SOFT  X-RAY  LASER  . . 


produce  reasonable  gains  on  this  transition  would  require  a pump  laser  with  a 
17  2 

power  density  ~10  W/cm  over  an  area  of  largest  dimension  > 1 mm  on  a 
cylindrical  pellet-like  target  to  avoid  temperature  decrease  by  thermal  con- 
ductivity. Such  lasers  and  targets  are  currently  being  developed  in  the  laser 
fusion  programs.  Results  from  a micro-interferometric  diagnostic  experiment1 
using  a Nd : YAG  30  psec  probe  laser  synchronized  with  a Nd: glass  2 nsec  plasma 

producing  laser  to  study  the  evolution  of  a high-density  critical  layer  at 
21  -3 

Ne  **  10  cm  will  be  described. 


J.  F.  Reintjes,  T.  N.  Lee,  R.  C.  Eckardt,  R.  C.  Elton,  and  R.  A.  Andrews 
Bull.  Am.  Phys.  Soc.,  Vol.  20,  p.  1336,  Oct.  1975. 


FIGURE  1.  Calculated  gain  for  3s  *S  -»  2p  *P  lasing  in  helium-lik« 
ions  plotted  vs.  atomic  number  for  two  electron  densities.'  For  each 
density,  electron  temperatures  were  chosen  which  yielded  the  highest 
gain  and  their  values  in  keV  are  indicated  by  numbers  next  to  each  curve 

- 3 - 
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COMPENSATION  OF  SELF  PHASE  MODULATION  BY  CESIUM  VAPOR* 

R.  H,  Lehaberg,  J.  Reintje3  and  R.  C.  Eckardt 
Naval  Research  Laboratory,  Washington,  D.C.  20375 
(202)  7o7-2?30 


ABSTRACT 

We  have  observed  a significant  reduction  of  Nd:YAG 
laser-generatei  self  phase  modulation  by  propagating  the  output 
pulses  through  a cesium  vapor  cell*  The  limitations  of  this 
technique  are  discussed,  and  a related  pulse  shaping  experiment 
will  be  described. 

*Work  supported  by  U. S.  ERDA  and  ARPA. 
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COMPENSATION'  OF  SELF  PHASE  ADULATION  BY  CESIUM  VAPOR,  R H Lehmbert  et  al 
(SC 2)  “CT-2T50  ’ 


Recently,  we  reported  the  observation  of  self  defocusing  of  mode  locked 


l.Co  ‘A  pulses  in  cesium  vapor,  and  attributed  it  primarily  to  the  nearby  two 


photon  resonance  with  the  os-Js  levels.-  The  corresponding  negative  value  of 


rig  was  measured  at  -1.4  X 10  30  N,  in  reasonable  agreement  with  the  calculated 
value  of  -2. m2  X 10  30  X.  Since  the  useful  output  power  of  large  Nd  laser 


system-  -s  ordinarily  limited  by  self  focusing  and  self  phase  modulation  (SPM) 


the  existence  of  this  negative  ng  raises  the  possibility  of  increasing  the 


power  by  using  Cs  vapor  for  compensation.  Here,  we  report  the  first  observation 


of  partial  compensation  of  the  SPM  generated  in  a Nd;YAG  laser  system. 


The  laser  radiation  consisted  of  single  pulses  of  FWHM  duration  t = 50  psec 

P ’ 


as  measured  by  a 5 psec  resolution  streak  camera.  The  bandwidths  were  broadened 


to  4-p  cm  by  SPM  in  the  YAG  amplifiers,  and  the  integrated  spectra  had  the 


double-humped  appearance  (Fig.  la,  c)  expected  for  a chirp  of  this  magnitude.1 


The  collimated  beam,  with  a peak  on-axis  intensity  I “ 1.9  GW/cm2,  propagated 


through  a total  path  length  £ - 2C0  cm  in  Cs  vapor.  Its  diameter  was  relatively 
large  (1  cm)  in  order  to  avoid  Xvhole-beam  self  defocusing  effects.1  The  integrated 


spectra  of  the  input  and  output  pulses  were  recorded  by  directing  a portion  of  tie 


center  or  each  beam  through  a 1-a  grating  spectrograph  onto  an  image  converter 


ca^era  °?eratin3  in  the  streak  mode  adjusted  for  a 1 nsec  resolution  and  1C  nsec/ctr 


sweep  rate.  A 12.5  nsec  pulse  separation  allowed  the  input  and  output  spectra 


to  be  compared  on  the  same  film  (e.g.  Fig.  1).  The  spectral  resolution  is 


*2  cm'-. 


In  Fig.  lc,  the  phase  modulated  spectrum  of  the  incident  pulse  gives  a 


maximum  chirp  width  of  =-4.5  cm"1,  which  corresponds  to  a peak  on-axis 


Phase  shift  3 - 2mc  Avct  /2.B 6 - 8.5.  In  the  output  pulse,  the  double-hump 


COMPENSATION  OF  SELF  PHASE  MODULATION  BY  CESIUM  VAPOR,  R.  H.  Lehmberg,  et  al 
(202)  7o7-2730 

has  disappeared,  and  Av^  has  been  reduced  to  2,7  cm  1;  hence,  BQut  “*  5.3. 

The  Dhase  reduction  B - B “ -3.2  is  in  reasonable  agreement  with  the 
r out 

value  AB  = cln^nglL/Xc  “ -4,9  calculated  from  rig  = - 1.4  X 10  30  H measured 
previously. 1 

The  asymmetry  in  these  spectra  arises  from  asymmetry  in  the  laser  pulse 
shape.  Since  the  pulse  changes  shape  within  the  laser,  the  output  intensity 
variation  - dl/dt  does  not  correspond  exactly  to  the  instantaneous  chirp 
frequency.  Moreover,  some  beam  degradation  due  to  small  scale  self  focusing 
was  evident  in  the  more  intense  pulses.  It  is  therefore  unlikely  that  the 
SPM  can  be  completely  cancelled  by  a single  Cs  cell  at  the  output,  i.e.,  one 
should  compensate  after  each  amplifier  stage  before  self  focusing  and  pulseshape 
changes  become  appreciable.3 

Additional  experiments  are  in  preparation  to  do  the  initial  pulse  chirping 
with  CS2  rather  than  in  the  amplifiers.  This  will  allow  better  control  of 
small  scale  self  fccusing  and  will  ensure  that  the  pulseshape  remains  the 
same  in  the  chirping  and  compensating  elements;  hence,  a nearly  complete 
phase  compensation  should  be  attainable  In  a second  experiment,  the  negative 
SPM  due  to  the  cesium  cell  alone  will  be  used  to  study  pulse  squaring  effects 
in  a grating  pair. 
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FIGURE  CAPTIONS 


FIGURE  I Integrated  spectra  of  pulsesat  the  Cs  cell  input  (lower  traces) 

and  output  (upper  traces):  (a)  empty  cell;  (b)  N = 3,7  X 10ls  ca’3 
with  a small  double  pulse  (I  < . 15  GW/cm2)  which  remains  essentially 


time-bandwidth  limited 


showing  a reduction 


of  the  SPM  bandwidth  of  a pulse  of  intensity  1,9  GW/cm: 


COMPENSATION  OF  SELF  PEASE  MODULATION  BY  CESIUM  VAPOR,  R.  H.  Lehmberg,  et  al 
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THREE  QUASI-CW  APPROACHES  TO  SHORT  WAVELENGTH  LASERS** 

R.  C.  Elton 

Naval  Research  Laboratory 
Washington,  D.  C.  20375 

ABSTRACT 

Three  approaches  towards  achieving  extended-period 
quasi-cw  amplification  by  stimulated  emission  in  the 
vacuum-UV  and  x-ray  spectral  regions  are  discussed,  in 
a somewhat  logical  progression  towards  shorter  wave- 
lengths, increased  complexity,  and  demands.  Extrapo- 
lation of  visible  and  near-UV  tuned-cavity  cw  lasers 
using  higher  density  plasma  media  is  first  discussed  for 
the  near-to-mid  VUV  region.  Further  extension  to  the 
soft  x-ray  region  is  described,  using  preferential  res- 
onance charge  transfer  pumping.  This  and  related  in- 
tense incoherent  x-ray  source  development  could  ulti- 
mately lead  to  successful  quasi-cw  Ka  inversions,  as 
is  discussed.  Experiments  underway  to  test  the  first 
two  schemes  are  described. 

^Supported  in  part  by  the  Defense  Advanced  Research 
Projects  Agency,  DARPA  Order  269k 
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I_. INTRODUCTION 

The  basic  problems  that  hamper  a rapid  extension  of 
lasers  into  the  vacuum  ultraviolet  (VUV ) and  x-ray 
spectral  regions  can  be  summarized  with  a few  simple 
relations.  Since  high  reflectance  cavities  do  not 
appear  to  be  realistic  for  wavelengths  shorter  than 
~ 1000  1,  significant  gain  must  be  achieved  in  a single 
pass;  this  immediately  implies  an  increase  by  orders- 
of-magnitude  in  the  inverted  state  density  required  for 
a given  net  gain  at  a particular  wavelength.  Hence,  at 
truly  short  wavelengths  we  are  usually  speaking  of  am- 
plified spontaneous  emission  (ASE)  devices,  which  alone 
represent  more  of  an  amplifier  than  a tuned  oscillator 
producing  highly  coherent  radiation.  In  fact,  the  de- 
vices developed  will  probably  prove  most  useful,  at 
least  for  the  near  term,  aB  amplifiers  for  coherent  VUV 
radiation  produced  by  frequency  multiplication  from  the 
IR  and  visible  regions. 

For  an  amplifying  medium  of  length  L,  the  ASE  gain 

is  given  by  I/I  = exp  (aL)  , where  a is  the  gain  coef- 
0 ^ 

ficient.  The  product  aL  is  often  written  as 


A2A 


aL  = 


u£ 


4tt2Av 


N - gu  N » 
u ~ £ 

6 o 


(i) 


where  gu , 


and  N 


refer  to  the  statistical 


- " u - 

weights  and  population  densities  of  the  upper  and  lower 

laser  states,  respectively,  Av  refers  to  the  line  width 

in  frequency  urits,  and  X refers  to  the  wavelength  of 

the  laser  transition.  With  the  transition  probability 

_2 

A ^ for  spontaneous  emission  scaling  as  fX  , and  for 
larger  inversion  (i.e.,  Nu>>N£)  » ®q.  (l)  can  written 

as  a proportionality: 
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SOFT  X-RAY  LASERS  VIA  ELECTRON -COLLISIONAL  PUMPING* 


R.  A.  Andrews 

Naval  Research  Laboratory 

Washington,  D.  C.  20375 


I.  INTRODUCTION 

One  possible  technique  for  obtaining  gain  in  the 
soft  x-ray  region  of  the  spectrum  is  to  use  electron- 
collisional  pumping  of  an  appropriate  ion  species.  This 
can  be  done  in  a manner  analogous  to  known  ion  lasers 
which  operate  in  the  visible  portion  of  the  spectrum. 
The  differences  being: l)  more  highly  ionized  ions  are 
used  to  obtain  shorter  wavelength  transitions,  2)  the 
pumping  electrons  are  at  a higher  temperature  to  popu- 
lace the  more  energetic  transitions,  and  3)  the  life- 


times are  shorter  which  implies  higher  pump  intensity 
per  unit  area  (P/a  « v^4 ) . In  the  case  of  shorter  wave- 


length transitions  one  can  project  known  laser  transi- 
tions isoelectronically  to  higher  Z ions  and  hence 
shorter  wavelengths  or  investigate  unique  ionic  electron 
configurations  that  are  not  observed  in  neutral  or 
weakly  ionized  species.  This  technique  works  well  for 


*This  work  was  partially  supported  by  the  Defense  Ad- 
vanced Research  Projects  Agency,  ARPA  Order  269^. 
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electronic  configurations  with  relatively  few  electrons. 
With  many-electron  systems,  level  crossings  and  other 
anomalous  effects  with  increasing  Z limit  the  range 
over  which  a group  of  levels  which  are  a viable  laser 
scheme  can  be  isoelectronically  projected  to  higher  Z. 

A further  problem  with  short  wavelength  lasers  is  that 
the  techniques  available  for  generating  significant 


amounts  of  energy  with  very  short  risetimes  are  limited. 


Discharges  are  limited  to  abcut  10  sec.  Mode-locked 

-11 

lasers,  however,  can  be  used  down  to  the  10  sec 


range  with  significant  amounts  of  energy.  Short  wave- 
length requirements  lead  to  many  other  problems  for  the 
attainment  of  an  inversion  and  net  positive  gain.  Sev- 
eral of  these  are  discussed  in  this  paper  along  with  a 
particular  approach  to  the  short  wavelength  laser  prob- 


A particularly  promising  concept  for  an  electron- 
collisional  pumped  laser  is  the  use  of  a picosecond 
laser  pulse  to  heat  the  electrons  in  a cold  plasma 


which  has  a large  fractional  population  of  the  laser  ion 
1 2 

nno  * fPVk  ft  n 1 rvl  come  non  o nrn  nf  n/1  tr  o 


species.  ’ The  initial  plasma  can  be  created  by  a 
variety  of  techniques.  However,  if  one  is  seriously 
considering  highly  ionized  species  then  a laser  pro- 
duced plasma  offers  distinct  advantages  since  large 
amounts  of  energy  can  be  deposited  in  small  volumes  in 
short  times.  This  initial  plasma  would  typically  be 
generated  with  a line  focus  laser  to  create  a plasma/ 
laser  media  with  a large  aspect  ratio  and  hence  maximum 
gain  length.  Thus  plasma  must  be  allowed  to  expand, 
cool,  and  develop  a maximum  fractional  population  of  a 
particular  laser  ion  species.  Cooling  is  important  since 
the  laser  line  is  Doppler  broadened  and  Boltzmann  popu- 
lation of  low  lying  levels  may  ruin  a possible  inversion. 
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HIGH-DENSITY  IONIZATION  WITH  AN  INTENSE 
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Introduction 


A low-pressure  linear  discharge  (or  vacuum  spark)  produces1'4  one  or  more 


minute  (or  point)  plasmas  Jess  than  SO  pm  in  size  with  the  electron  kinetic  tem- 
perature as  high  as  kT,  - 10  keV.  Such  point  plasmas  emit  short  bursts  of 
intense  x-radiation  wi  ich  consists  of  continuum  as  well  as  line  radiation  arising 
from  highly  stripped  ligh-Z  atoms.  In  the  highly  constricted  plasma  region,  the 
current  density  reaches  a value  of  1010  amps  ■cm-2.  However,  the  physical  pro- 
cesses involved  in  the  formation  of  such  a plasma  entity  are  not  well  understood.2'4 
The  plasma  dynamics  involved  in  the  discharge  is  complex  and  is  hard  to  correlate 
with  the  onset  of  the  x-ray  bursts. 

In  the  present  study,  some  of  the  experimental  results  obtained  with  the  device 
are  described  in  or  iter  to  improve  the  understanding  of  the  phenomena.  Meri;- 
ments  include  plasma  diagnostics  made  with  fast  photography,  pinhole  x-ray 
photography,  and  x-ray  spectroscopy  in  the  photon  energy  range  of  6-35C  keV. 

Although  there  are  large  differences  in  s^r-e  operating  parameters  (mainly  in 
operating  voltage),  this  low-pressure  linear  discharge  device  is  believed  to  have 
some  similarities  with  the  vacuum  diodes  that  have  been  studied5'1  intensively  in 
recent  years  for  the  purpose  of  plasma  heating  as  well  as  for  ion  acceleration.  This 
paper  therefore  may  also  be  relevant  to  the  basic  problems  involved  in  under- 
standing vacuum  diode  operation. 

The  experimental  device4  used  in  the  present  study  is  a very  simple  apparatus 
with  a total  capacitive  storage  energy  of  less  than  3.6  kJ.  A schematic  diagram  of 
the  discharge  device  is  shown  in  Figure  1.  It  consists  of  a pair  of  electrodes;  a 
cathode  of  3 cm  diameter  and  a 0.7-cm  diameter  bullet  shaped  anode,  are  sepa- 
rated by  a gap  of  0.6-1 .0  cm.  The  two  electrodes  are  isolated  by  a Pyrex®  glass  tube 
of  10  cm  diameter,  which  also  serves  as  a vacuum  chamber.  The  positive  electrode 
is  connected  directly  to  the  high  voltage  terminal  of  a 28  pF  capacitor  charged  to 
16  kV,  and  the  cathode  is  connected  to  the  ground  terminal  through  a pair  of 
current-return  copper  straps  placed  outside  the  glass  tube.  1 he  discharge  chamber 
is  evacuated  to  a pressure  of  IO-i  torr.  The  discharge  is  initiated  by  injecting  a 
pulsed  laser  beam  (ruby  laser  of  100  MW,  20  ns)  focused  onto  the  anode  tip 
through  an  axial  hole  in  the  cathode  (grazing  the  cathode  hole  edge).  The  laser 
beam  serves  as  a fast-acting  injection  of  vapor  into  the  electrode  gap  by  slight 
evaporation  of  both  electrode  materials,  and  has  no  effect  on  the  plasma  heating. 
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Quasi-stationary  population  inversion  on  Ka  transitions 


R.  C.  Elton 


In  a search  I jr  an  x-ray  laser  capable  of  operating  in  a quasi  cw  mode,  a suggested  Kn-innershell  scheme  is 
examined  using  recently  calculated  rates.  This  scheme  involves  the  decay  of  a K -shell  vacancy  followed  by 
a more  rapid  (for  certain  alementa)  L -vacancy  decay,  which  maintains  the  inversion.  The  present  analysis 
indicates  that  the  scheme  is  only  marginally  feasibls  unless  a depletion  of  resnnanl  absorbers  is  accom- 
plished through  line  shifts  associated  with  multiple  ionization  following  A” -vacancy  production.  The 
pumping  requirements  for  overcoming  photoionization  losses  in  the  beam  and  the  associated  gain  condi- 
tions are  estimated  for  three  elements,  namely  silicon,  calcium,  and  copper,  and  it  is  concluded  ti.<.t  phn- 
loionization  pumping  in  a selective  energy  band  is  required,  with  emission  approaching  the  blackbody 
level.  A multiline  haavy-ion  plasma  source  is  suggested. 


I.  Introduction  and  Background 

For  x-ray  lasing,  A'«-typ6  transitions  would  seem 


to  be  a first  choice,  both  because  of  the  inherent 
short  wavelengths  and  the  large  transition  probabili- 
ties (which  imply  increased  gain).  However,  with  the 
rapid  A'-vacancy  decay  rate  is  associated  a short 
(femtosecond1  for  penetrating  x rays)  equilibration 
period  r,  during  which  lasing  is  completed  for  a sim- 
ple self-terminating  transient  inversion  scheme.2 
With  coherence  lengths  cr  ~ 10-s  cm,  conventional 
cavity  operation  becomes  impractical  (even  if  cavities 
could  be  constructed  to  withstand  x-ray  laser  intensi- 
ties), and  traveling-wave  operation  would  be  tedious. 
Sufficient  pumping  for  significant  single-pass  lasing 
(amplified  spontaneous  emission)  is  also  a formidable 
task  during  such  a short  lasing  period. 

An  alternative  to  the  short-pulse  self-terminating 
laser  approach  is  to  somehow  create  a stationary  (or 
at  least  quasi-stationary)  population  inversion  by  eli- 
minating final  laser  states,  which  are  potential  ab- 
sorbers. more  rapidly  than  they  are  created.  For 
Ao-innt-rshell  transitions,  this  translates  to  depleting 
the  density  of  atoms  (or  ions)  with  a particular  I.- 
shell  vacancy  more  rapidly  than  they  are  created  by 
lasing  transitions  from  A -vacancy  atoms.  (It  is  not 
necessary  that  the  L shell  he  filled,  since  isolate  spec- 
tral lines  are  produced  for  each  of  the  series  of  possi- 
ble L- vacancy  configurations  as  discussed  below.)  A 
particular  I.  vacancy  state  may  be  depleted  by  either 
adding  or  removing  an  electron  to  the  L shell,  but 


again  it  must  take  place  at  a very  rapid  rate  and  pref- 
erably without  external  stimulus.  Stankevich3  in 
1970  first  suggested  that  this  be  accomplished  by 
electron  cascading  from  outer  shells  through  rapid 
Auger  as  well  as  radiative  transitions  and  suggested 
that  this  combined  specific  rate  exceeds  that  for  A- 
vacancy  depletion.  This  particular  scheme  depends 
strongly  on  a sufficient  density  of  outer-shell  elec- 
trons, i.e.,  is  classified  as  an  innershell4  transition 
scheme.  Although  the  description  of  the  model 
Stankevich  used  is  sketchy,  it  is  possible  to  recon- 
struct5 approximately  his  results,  which  were  based 
upon  A- vacancy  depletion  rates  from  experimentally 
obtained  A-level  widths,6  proportioned7  as  2:1  for 
Kai  and  Ka->  lines,  and  L-vacancy  depletion  rates  es- 
timated from  the  difference  • between  the  A'-level 
widths  and  measured  A'-line  widths.6  Some  of  these 
numerical  data  are  included  in  Table  I,  and  the  ratio 
Rl/Rk  of  L-  and  A -vacancy  depletion  rates  is  plotted 
in  Fig.  1 vs  atomic  number  Z.  In  equilibrium,  A^Afr 
= N^Rl,  where  and  A/3  are,  respectively,  the 
upper  and  lower  laser  state  densities,2  populated 
originally  by  purr  ping  from  state  1.  Therefore  the 
ordinate  in  Fig.  1 corresponds  to  the  population  den- 
sity ratio,  and  inversion  is  achieved  when  N2I  ;Vn  > 
gs/g: 1,  where  the  statistical  weight  ratio  gz/ga  ii  1 for 
the  Kaz(KLu)  line  and  0.5  for  the  Anri/AAw)  line. 
(Stan’  evich  apparently  assumed  gj/ga  ~ 1 fr,  • both 
lines  ; Thus,  for  the  data  available  to  Stankevich, 
net  quasi-stationary  inversion  appears  possible  for 
the  Z = 20-45  range. 


The  Hiiiimr  is  vuih  i he  U.S.  Naval  Research  Laboratory,  Wash- 
inglnn,  ».< 

Rfcraivi-rl  1 1 V.vi-mlrer  1974. 


II.  Present  Analyses 

A,  Total  Rate  Model  with  Recent  Data 


When  a similar  analysis  is  carried  out5  with  the 
more  recent  calculations  of  Auger  and  radiative  rates 
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X-ray  emission  from  laser-produced  magnesium  plasmas 
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Chursclcnxlics  of  x-rjy  emission  produced  by  focusing  a 0 5-UW  laser  to  about  10”  W/cm!  on  magnesium 
nivlal  targets  were  measured.  Approximately  0,01%  of  the  incident  laser  energy  of  10  J was  emitted  in  a 
1 1 usee  tl'WIIM)  pulse  of  x rays  with  photon  energy  in  the  range  I 3-1.8  keV, 


PAl'S  numbers  52.25.P,  07.85.,  42.60.Q,  84  60.R 


INTRODUCTION 


Reliable  easy-to- maintain  lasers  with  powers  up  to 
about  i GW  are  becoming  increasingly  available.  When 
focused,  such  lasers  produce  power  densities  In  the 
10“— 10w-W/cm2  range.  Plasmas  produced  from  solid 
targets  irradiated  with  such  power  densities  typically 
have  peak  electron  temperatures  near  100  eV  (-10*  K). 
Thus  they  are  convenient  laboratory  sources  V vacuum 
ultraviolet  and  soft  x radiation.  There  are  a number  of 
plasma  iight  sources,  for  example,  8-pinch  machines, 
which  are  capable  of  producing  plasmas  hotter  than 
10*  K.  Such  plasmas  are  large  In  volume  but  the  elec- 
tron density  Is  smaller  by  many  orders  of  magnitude 
than  the  density  of  laser-proouced  plasmas.  In  addition, 
the  low-density  plasma  machines  use  gases  for  heating 
and,  therefore,  are  limited  to  elements  which  occur  in 
gases  or  can  be  made  In  convenient  gaseous  compounds. 
Advantages  of  laser  plasmas  over  discharge  sources 
vVcluctng  vacuum  and  sliding  sparks)  are  as  follows:  (1) 
spectra  of  all  elements  can  be  excited,  (11)  the  spectra 
,.7S  relatively  free  of  impurity  lines,  (111)  the  number  of 
ionization  stages  contributing  to  a spectrum  Is  small  and 
somewhat  controllable,  and  (lv)  the  size  of  the  radiating 
plasma  is  small  enough  so  that  entrance  slits  may  be 
eliminated  for  x-ray  spectroscopy  In  some  cases.  Hence 
laser  plasmas  are  useful  to  generate  data  for  Interpreta- 
tion of  spectra  from  other  sources.  Their  radiation  Is 
also  convenient  for  testing  and  calibration  of  spectro- 
graphs and  detectors. 


In  this  work,4  we  Investigated  several  characteristics 
of  the  plasma  x-ray  emission  produced  by  focusing  a 
0.  5-GW  (18-nsec  FWHM)  ruby  laser  beam  (0. 69  pm) 
onto  Mg  targets,  namely,  the  x-ray  yield  as  a function 
of  the  lens-target  distance,  the  time  histories  and 
correlation  between  laser  and  x-ray  signals,  the  x-ray 
conversion  efficiency,  x-ray  pinhole  photographs,  and 
the  x>- ray  spectrum  In  the  7— 10- A region.  Nonuniformity 
of  the  laser  power  distribution  Is  evidenced  by  postshot 
microscopy  of  the  targets.  Comparisons  of  the  present 
results  with  x-ray  emission  produced  by  1-nsec  Nd 
laser  pulses  (1.06  pm)  of  similar  energy  are  made. 


EXPERIMENTAL  ARRANGEMENT 


The  physics  and  diagnostics  of  high-temperature  laser 
plasmas  are  presently  receiving  intense  study.  Central 
problems  Include  coupling  of  laser  energy  Into  the  tar- 
get plasma,  and  the  division  of  that  e.nergy  Into  thermal 
conduction  losses,  plasma  expansion,  and  radiation. 
Plasma  temperatures  and  densities  are  desired  as  a 
function  of  laser  pulse,  focusing,  and  target  parameters. 
In  this  regard,  several  studies  at  laser  powers  similar 
to  those  In  this  work  have  already  bee  i made.  In  particu- 
lar, Stumpfel  el  of.1  used  a grazlng-li.cldence  mono- 
chromator to  do  time-dependent  studies  if  radiation 
down  to  35  A from  Mg  plasmas  generated  by  a 0.  5-GW 
laser.  They  found  Ionization  sages  through  ligX  and 
suggested  that  He-like  Mg  XI  Ions  should  exist  In  plas- 
mas produced  by  few-joule  -20- nsec  laser  pulses. 
Recently,  Peacock  el  of .'  made  a spectroscopic  study 
of  the  satellite  lines  near  the  resonance  lines  of  He-llke 
Mg  Ions  In  plasmas  produced  using  a Nd  laser  at  about 
1 GW.  Donaldson  cf  of.’  did  a comprehensive  study  of 
Ughter-atom  plasmas  which  were  generated  with  laser 
powers  up  to  2 GW. 


The  expe  rimer'  ..  arrangement  Is  shown  schematically 
In  Fig.  1.  A Korad  K2  ruby  laser  system  consisting  of 
a ^-switched  oscillator  produced  pulses  with  energies 
up  to  10  J.  The  beam  divergence  was  8 mrad.  A beam 
splitter  and  an  S-l  response  photodiode  were  used  to 
monitor  the  laser  pulse  Blgnal  shape  and  the  power.  The 
laser  beam  (3.  5 cm  in  diameter)  was  focused  by  a 5- 
cm-dlam  20-cm  focal  length  lens  which  was  mounted  on 
a micrometer  translation  stage  outside  of  a vacuum 
window.  Flat  Mg  targete,  polished  with  abrasive  paper, 
were  placed  at  45°  to  the  incident  beam  in  a 3x  10’’  Torr 
vacuum.  A silicon  p-i-n  x-ray  detector  located  at  about 
60*  to  the  beam  (15*  from  the  target  normal)  and  10  cm 
from  the  focus,  and  covered  with  a light-tight  25-pm 
beryllium  window,  waB  used  to  monitor  x-ray  pulses. 
Prior  to  emplacement  of  the  spectrometer  shown  In 
Fig.  1,  an  x-ray  camera  with  a 25-pm  pinhole  2 cm 
from  the  focus  viewed  the  plasma  90*  to  the  beam  and 
45°  to  the  target  normal.  It  yielded  2).  magnification. 

The  simple  Blitless  x-ray  spectrometer  at  90"  to  the 


i*.  rum 


FK5.  1.  Schematic  diagram  of  experimental  arrangement. 
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In  a search  for  an  x-ray  laser  capable  of  operating  in  a qwrsi-cw  mode,  a suggested  Ivn-innershell  scheme  is 
examined  using  recently  calculated  rates.  This  scheme  involves  the  decay  of  a /(-shell  vacancy  followed  hy 
a more  rapid  (for  certain  elements)  L-vacancy  decay,  which  maintains  the  inversion.  The  present  analysis 
indicates  that  the  scheme  is  only  marginally  feasible  unless  a depletion  of  resonant  absorbers  is  accom- 
plished through  line  shifts  associated  with  multiple  ionization  following  /(-vacancy  production.  The 
pumping  requirements  for  overcoming  photoionization  losses  in  the  heam  and  the  associated  gain  condi- 
tions are  estimated  for  three  elements,  namely  silicon,  calcium,  and  copper,  and  it  is  concluded  that  phu- 
toionization  pumping  in  a selective  energy  band  is  required,  with  emission  approaching  the  blackbody 
level.  A multiline  heavy-ion  plasma  source  is  suggested. 
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I.  Introduction  and  Background 

For  x-ray  lasing,  Ka-typg  transitions  would  seem 
to  be  a first  choice,  both  because  of  the  inherent 
short  wavelengths  and  the  large  transition  probabili- 
ties (which  imply  increased  gain).  However,  with  the 
rapid  /('-vacancy  decay  rate  is  associated  a short 
(femtosecond1  for  penetrating  x rays)  equilibration 
period  r,  during  which  lasing  is  completed  for  a sim- 
ple self-terminating  transient  inversion  scheme.2 
With  coherence  lengths  cr  ~ 10~5  cin,  conventional 
cavity  operation  becomes  impractical  (even  if  cavities 
could  be  constructed  to  withstand  x-ray  laser  intensi- 
ties), and  tiaveling-wave  operation  would  be  tedious. 
Sufficient  pumping  for  significant  single-pass  lasing 
(amplified  spontaneous  emission)  is  also  a formidable 
task  during  such  a short  lasing  period. 

An  alternative  to  the  short-pulse  self-terminating 
laser  approach  is  to  somehow  create  a stationary  (or 
at  least  quasi-stationary)  population  inversion  by  eli- 
minating final  laser  states,  which  are  potential  ab- 
sorbers, more  rapidly  than  they  are  created.  For 
Ka  mnershell  transitions,  this  translates  to  depleting 
the  density  of  atoms  (or  ions)  with  a particular  L- 
shell  vacancy  more  rapidly  than  they  are  created  hy 
lasing  transitions  from  /(-vacancy  atoms.  (It  is  not 
necessary  that  the  L shell  be  filled,  since  isolate  spec- 
tral lines  are  produced  for  each  of  the  series  of  possi- 
ble L-vacancy  configurations  as  discussed  below.)  A 
particular  L-vacancy  state  may  be  depleted  by  either 
adding  or  removing  an  electron  to  the  L shell,  but 
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again  it  must  take  place  at  a very  rapid  rate  and  pref- 
erably without  external  stimulus.  Stankevich3  in 
1970  first  suggested  that  this  be  accomplished  by 
electron  cascading  from  outer  shells  through  rapid 
Auger  as  well  as  radiative  transitions  and  suggested 
that  this  combined  specific  rate  exceeds  that  for  K - 
vacancy  depletion.  Tnis  particular  scheme  depends 
strongly  on  a sufficient  density  of  outer-shell  elec- 
trons, i.e.,  is  classified  as  an  innershell4  transition 
scheme.  Although  the  description  of  the  model 
Stankevich  used  is  sketchy,  it  ir.  possible  to  recon- 
struct5 approximately  his  results,  which  were  based 
upon  /(-vacancy  depletion  rates  from  experimentally 
obtained  /(-level  widths,6  proportioned7  as  2:1  for 
Ka\  and  Ka2  lines,  and  L-vacancy  depletion  rates  es- 
timated from  the  difference  between  the  /(-level 
widths  and  measured  /(-line  widths.6  Some  of  these 
numerical  data  are  included  in  Table  I,  and  the  ratio 
Rl/Rk  of  L-  and  /(-vacancy  depletion  rates  is  plotted 
in  Fig.  1 vs  atomic  number  Z.  In  equilibrium, 

= N3R1,  where  N 2 and  jV 3 are,  respectively,  the 
upper  and  lower  laser  state  densities,2  populated 
originally  by  pumping  from  state  1.  Therefore  the 
ordinate  in  Fig.  1 corresponds  to  the  population  den- 
sity ratio,  and  inversion  is  achieved  when  Ni/Na  > 
gi/gz,  where  the  statistical  weight  ratio  gi/ga  is  1 for 
the  KarfKLu)  line  and  0.5  for  the  Ka\(KL\\\)  line. 
(Stankevich  apparently  assumed  gz/gs  = 1 for  both 
lines.)  Thus,  for  the  data  available  to  Stankevich, 
net  quasi-stationary  inversion  appears  possible  for 
the  Z = 20-45  range. 

II.  Present  Analyses 

A.  Total  Rate  Model  with  Recent  Data 
When  a similar  analysis  is  carried  out5  with  the 
more  recent  calculations  of  Auger  and  radiative  ates 
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Tablet.  Selected  Aton.:  ^ates  Used  (In  10'!  atu'1)” k 


Z = 22 

30 

38 

47 

Stank  i*vh  li3 

1.  A'-level  width*  (A'  rate)4 

3.10 

5.80 

11.7 

2G.0 

2.  A'-line  widths*-* 

A ai  (A'-Ani) 

5.71 

10. 1 

18. G 

35.6 

Ka,  (A'-/,n) 

7 .00 

12,0 

19.0 

3G.0 

3.  /^lcvel  widths®  (A  rate)6-6 

/.in 

2.GI 

4.30 

G.90 

9. GO 

An 

4.80 

0.20 

7.30 

10.0 

Present  analysis 
4.  A'  rate8 

X ray 

0.89 

3.41 

10.2 

24.45 

Auger 

2,03 

3.14 

4.00 

4.42 

Total 

2.64 

6.54 

14.2 

28.87 

5.  A rateI2  d 

l.m 

0.885 

2.95 

3.92 

G.3G 

An 

0.88G 

2.87 

5.27 

9,50 

6.  Total  (A'-line  width) 

A'ai  (A'-Aui) 

3,52 

9.49 

18,1 

35.2 

Au*  (A'- A11) 

3.53 

9.41 

19.5 

38,4 

6 Kate  (iilu.->)  (4.14  X 10-»)  X width  (eV). 

' How  2 less  row  1. 

* Coster-Kronig  added  to  in,  subtracted  from  tin;  x-ray 
rate  included. 


shown  also  in  Table  I,  the  prospect  for  quasi-station- 
ary  inversion  appears  considerably  more  marginal, 
-/f-shell  rates  have  been  calculated  by  McGuire,8 
Walters  and  Bhalla,9  and  Scofield10'11  (radiative 
only)  in  the  1970-197 1 period  and  are  in  close  mutual 
agreement  for  present  purposes.  McGuire12  in  1971 
also  calculated  L-nhell  radiative,  Auger,  and  Coster- 
Kronig  rates,  from  which  are  obtained  total  effective 
L subshell  vacancy  depletion  rates  by  increasing  the 
Lii  rate  and  decreasing  the  L\\\  rate  according  to  the 
tabulated  Coster-Kronig  rates.  It  is  interesting  to 
note  (Table  I)  that  the  total  line  widths  obtained 
from  these  calculated  rates  agree  reasonably  well  at 
high  Z With  the  widths  published  by  Blokhin  and  Sa- 
chenko6  and  used  by  Stankevich;  however,  the  rela- 
tive rates  are  different,  and  L depletion  is  not  as 
rapid  as  cigmally  supposed.3  A ’<ai/Ka2  transition 
rate  ratio  of  2:1  is  again  assunsu.  The  result  is  a 
maximum  population  density  inversion  of  about  30% 
in  the  Z = 30-35  ugion,  as  shown  also  in  Fig.  1. 
Thus,  even  with  the  most  lecen*  data,  quasi-station- 
arv  inversion  using  toto'  decay  rates  remains  a possi- 
bility, but  with  a more  In  ited  degree  of  inversion. 

B.  F ..  .al  Rate  Model  wile  Ur.o  Shifting 

It  may  only  be  necessary  for  the  L-hole  depletion 
rate  to  exceed  the  radiative  x-ray  rate  for  K-v acancy 
decay,13'14  which  for  low-Z  elements  is  much  less 
than  the  total  rate  used  above.  To  better  under- 
stand this  model,  a total  binding-energy  level16  di- 
agram for  copper  is  shown  in  Fig.  2,  with  various  sin- 
gle and  multiple  shell  vacancies  designated  by  capital 
letters  (e.g.,  K,  L,  M,  XL,  LL,  etc.)  and  vacancy  tran- 
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sitions  by  X-*L  etc.  As  indicated,  the  scheme 
evolves  from  creating  X vacancies  by  pumping  (P)  in 
neutral  copper,  but  is  equally  relevant  beginning  with 
a particular  ion  species  (providing  an  excessive  de- 
crease in  the  L— M2  Auger  rate  does  not  occur  with 
depletion  cf  M electrons).  Also  the  diagram  is  rele- 
vant to  other  materials  with  some  attention  to  the 
relative  importance  of  x-ray  (X)  and  Auger  (P)  rates. 
The  L state  and  some  of  the  LM 2 states  shown  are 
potential  reabsorbers  of  the  K—+L  laser  radiation. 
The  newer  idea  here  is  that  laser  absorption  by  mul- 
tiple-L-vacancy  states  (e.g.,  LL)  and  certain  LM2 
states  may  take  place  at  a shifted  wavelength  (indi- 
cated by  X — 5X  in  Fig.  2)  and  therefore  may  not  con- 
tribute to  resonance-absorption  losses  in  the  laser 
beam.  Indeed  it  has  been  recently  shown  both  theo- 
retically16 and  expe-imentally17  that  /f-line  shifts 
due  to  multinle-L  vacancies  exceed  the  line  widths. 
If  we  then  Pmit  laser  resonance  absorption  to  L 
states  and  onl.  consider  .-ray  decay  of  the  K vacan- 
cy, a high  degree  of  inversion  is  reached  for  both  Xa i 
and  if  02  transition*  and  for  Z as  low  as  13,  ai  shown 
in  Fig.  3.  In  this  figure,  the  low-Z  cutoffs  are  due  for 
o<2  to  a lack  of  M electrons  and  for  a]  to  a lack  of  3d 
M -shell  electrons  to  fill  2 p3/2  (Lm)  holes.  (Data  for 
Ail—  L ni,  l transitions,  are  not  available.)  The  high 
degree  of  inversion  in  the  Z = 20  range  makes  this 
model  particularly  attractive  as  far  as  pumping  re- 
quirements are  concerned.  It  should  be  noted  that 
this  line  shift  modification  will  not  appreciably  ex- 
tend the  high-Z,  short-wavelength  limit;  however,  it 
could  make  measurements  at  longer  wavelengths 
(low-Z)  considerably  easier. 

There  are  some  potential  problems  associated  with 
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Fig.  1.  Ratio  of  rates  Rl/Rk  for  total  transitions  out  of  L-  and 
K-  vacancy  states,  respectively,  vs  atomic  number  Z.  This  ratio  is 
equivalent  to  L'z/N,  in  Eq.  (2)  for  equilibrium  conditions  reached 
after  long  times  in  cw  operation.  Values  exceeding  unity  end  one- 
half  indicate  gain  for  the  Ka 2 and  Ka\  lines,  respectively.  The 
model  here  assumes  all  /(-vacancy  decay  transitions  produce  po- 
tential absorbers  for  laser  radiation.  Present  analysis  is  based  on 
recent  data8-12;  sn  attempt  to  reproiuce  the  results  of  Stankevich3 
is  shown  dashed  Both  and  K-Z.ni,  o2  and  a,  lespective 

transitions  are  shown. 
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Cu  Cu'*  Cu2*  Cu5' 
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Fig  2 Vacancy  diagram  according  to  binding  energiea  ' -n  for 
copper  K,  L,  and  M designate  shell  vacancies.  P,  X,  end  I’  ara 
the  rates  for  pumping,  x-ray,  [emission  or  absorption  (dashed)} 
and  Auger  transitions,  respectively. 


of  atom  density  through  . mizat'or  (with  an  accom- 
oanying  increase  in  pump-power  requirements)  in 
order  to  achieve  some  degree  of  stationary  inversion 
for  a limited  time  (hence  quasi-stationary  inversion), 
hopefully  long  enough  to  have  multiple  transverses  in 
a resonant  cavity  or  to  permit  reasonable  pump-pulse 
risetimes.  This  will  perhaps  be  a delicate  balance  to 
achieve  and  clearly  requires  a rather  sophisticated 
numerical  model  for  further  analysis.  For  example, 
electron  collisional  ionization,  as  well  as  photoioniza- 
tion,  of  outer  electrons  should  be  inc1,,ded  (i  in  Fig. 
2).  Also,  the  adverse  effect  on  gain  due  to  line  shifts 
associated  with  multiple  vacancy  production  accom- 
panying radiative  decay  (radiative-Auger  effect) 
should  be  included.11’19  The  basic  information  for 
such  ar>  analysis  is  generally  available,  and  the 
payoff,  i.e.,  quasi-stationary  population  inversion,  is 
potentially  high.  Further  advantages  of  the  line 
shift  model  will  be  indicated  in  the  pump  require- 
ment estimations  that  follow,  particularly  for  low-Z 
elements. 


III.  Pumping  Requirements 


the  shifted-line  model.  Double  L vacancies  will  cas- 
cade to  M4  states  as  indicated  in  Fig.  2 at  a rapid 
rate,  just  as  do  single  L vacancies,  leading  to  de- 
creased line  shifts.  The  (sparse)  data16  available  on 
line  shifts  with  multiple  M vacancies  indicate  that  an 
emission-absorption  line  overlap  fortunately  is  not 
expected  if  only  natural  (x  ray  plus  Auger)  broaden- 
ing is  important  and  if  M i and  Mu  vacancies  are 
present;  an  overlap  for  higher  M-shell  vacancies  ap- 
pears to  be  unavoidable.  For  light  elements  up 
through  Z = 20,  only  Mi-  and  Mu-shell  electrons 
exist.  (Auger  loss  of  N electrons  has  a low  probabili- 
ty).12 For  Z larger  than  20,  Further  cascading  may 
transfer  Mi,  Mu  vacancies  to  Mm,  Mlv,  Mv  states 
(by  radiative  and  Coster-Kronig  transitions),  where 
the  line  shift  is  negligible.  Rate  data  are  available18 
for  including  this  effect,  but  the  complexity  is  beyond 
this  analysis. 

A further  complication  in  the  line-shift  scheme  is 
electron-ion  recombination  (r  in  Fig.  2).  As  Stank- 
evich  points  out,3  recombination  must  proceed  at  a 
sufficient  rate  to  inhibit  overdepletion  of  amplifying 
atoms.  This  implicitly  places  an  upper  limit  on  the 
plasma  temperature.  However,  a recombination  rate 
exceeding  the  K-  and  L- vacancy  depletion  rates  will 
also  produce  LL-*L  recombination  transitions  fol- 
lowing K^-LL  Auger  transitions  and  again  provide 
absorbers;  we  are  then  back  to  the  less  promising 
conditions  in  Fig.  1.  For  true  cw  operation,  such  a 
high  recombination  rate  is  required.  However,  as  we 
show  below,  inversions  of  ~1%  are  required  to 
achieve  net  gain.  Thus,  perhaps  a lower  recombina- 
tion rate  is  possible,  permitting  a gradual  depledoo 


A.  General  Requirements 

Of  next  concern  is  the  pumping  energy  required  to 
achieve  significant  net  gain,  since  photoionization  of 
outer  electrons  by  the  laser  beam  will  add  to  the  nor- 
mal line-absorption  losses.  Also,  Auger  decay  (domi- 
nant for  light  elements)  tends  to  deplete  at  a rapid 
rate  the  K -vacancy  upper-laser  states  created.  Both 
processes  imply  -large  pumping  powers  to  maintain 
inversion.  These  are  problems  common  to  all  inner- 
shell  x-ray  laser  schemes  (except  alkalis  without 
Auger  losses  for  n = 2 vacancies)  and  also  result  in 
low  system  efficiency;  on  the  other  hand  one  is  not 
overly  concerned  at  present  about  efficiency  if  a 
quasi-cw  mode  is  achievable  with  available  pumping 
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Fig.  3.  Ratio  of  rates  Rl/Rk—L  for  total  transitions  out  of  a L- 
vacancy  state  and  radiative  decay  out  of  a /(-vacancy  state  vs 
atomic  number  Z This  ratio  is  equivalent  to  N2/N3  in  Eq.  (2)  for 
equilibrium  conditions  reached  after  long  times  in  cw  operation. 
Values  exceeding  unity  and  one-half  indicate  gain  for  the  Kct2  and 
Ka\  lines,  respectively.  The  model  used  assumes  only  radiative 
transitions  produce  absorbers,  with  Auger  transitions  generating 
shifted  ion  lines.  Both  K~*L\\  and  K— ►Lin,  «2  and  a\  respective 
transitions  are  shown. 
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powers.  (It  should  be  remembered  that,  were  it  not 
for  the  potential  of  quasi-stationary  inversion,  Ka- 
innershell  pumping  would  not  be  a serious  candidate 
for  x -ray  lasing  because  of  these  losses.) 

The  restrictions  set  by  the  requirement  that  net 
stimulated  emission  exceed  photoionization  losses  in 
the  medium  are  derived  from  ~2X  the  minimum 
threshold  condition,  i.e., 


rently  available  in  unfocused  beams.  Also,  in  both  of 
these  cases  the  rate  for  ionization  from  outershells 
exceeds  that  for  the  K innershell  by  orders  of  magni- 
tude, so  that  efficient  collisional  innershell  pumping 
seems  most  unpromising. 


where  the  left  side  is  the  net  gain  factor  due  to  stimu- 
lated emission2  and  the  right  side  represents  pho- 
toionization losses  on  the  original  states  of  density 
N i,  with  subscripts  as  defined  above.  The  transition 
probability  A is  different  from  the  x-ray  rate  X that 
is  averaged  over  all  terms.  The  parameter  A is  the 
laser  wavelength,  Ai/  is  the  line  width  in  frequency 
units,  k is  the  solid  absorption  coefficient,20  and  p is 
the  density  of  (solid)  absorber.  The  factor  *p/1023  is 
the  Ka  photoionization  cross  section.  The  bracketed 
factor  is  the  inversion  density 


B.  Photon  Beams 

For  photon  pumping,  preferential  innershell  ion- 
ization can  be  achieved  with  a source  tuned  to  emit 
predominantly  in  the  K -absorption  region,  so  that 
outcrshell  photoionization  is  reduced.1  The  pump- 
ing rate  P is  given  by  JV„<r*c,  where  N,  is  the  x-ray 
photon  density,  and  <r£;  is  the  /C-shell  photoioniza- 
tion cross  section.  In  this  particular  c&se,  it  is  possi- 
ble to  obtain  this  threshold  value  independent  of  ab- 
solute cross  section,  since  photoionization  losses  are 
balanced  against  photoionization  pumping.  In  equi- 
librium, N2/Nx  = P/(T  + X),  and  Eq.  (1)  becomes 


,,  K 
NvO..C 

IN  £l . 

2/i  1 (r  + x)' 


> 2 o[",N„ 

~ pi  ' 


M<!  s N,  - (Xj  /gJN, 


where  T indicates  the  degree  of  inxersion  and  is  eval- 
uated in  steady  state  by  assuming  N3/N2  to  be  given 
by  the  ratio  of  K-  to  / -vacancy  depletion  rates  shown 
in  Figs.  1 and  3.  I11  a more  complete  time  dependent 
model,  T represents  the  stationary  inversion 
achieved  following  the  transient  approach  to  equilib- 


For  a first  evaluation  of  Eq.  (1),  the  product  \2A 
may  be  approximated  by  0.2  (cgs)  and  2irA*  by  the 
Auger  rate,  which  does  not  vary  rapidly  with  Z and  is 
about  200  atu‘  1 or  8 X 10'<  sec*1.  Thus,  a firs,  cut 
yields  a ra'io  N2/N[  which  is  required  to  be  greater 
than  10_1  to  10-3  depending  on  the  absorption  cross 
section  * and  the  degree  of  inversion  (T)  achieved.  If 
the  line  width  exceeds  the  natural  width  assumed 
(see  below),  even  more  inversion  will  be  required. 

Some  1 elaxation  of  this  ’■-quirement  on  inversion 
density  could  be  achieved  with  multiple  ionization, 
i.e.,  removal  of  some  absorbing  valance  electrons! 
This  could  be  an  added  advantage  in  the  line  shift 
model  above  if  these  valence  electrons  are  in  Mm 
shells  or  higher.  However,  ionization  of  electrons 
from  lower  shells  will  decrease  the  L -vacancy  deple- 
tion rate  and  affect  the  degree  of  inversion  achieved. 
A proper  balance  could  come  from  a detailed  numeri- 
cal analysis. 

A desired  ratio  N2/Ni  ~ 1%  may  be  considered  to 
be  achieved  by  electron  collisions  in  a plasma,  parti- 
cle (electron)  beam  bombardment  of  a target,  or  by 
photon  bombardment  of  a target.  Only  the'  latter 
appears  at  all  feasible,5  since  excessive  plasma  densi- 
ties (>1025  cm'3)  are  required  for  either  ionization21 
or  dielectronic  capture2  ’ electron-collisicnal  pumping 
schemes;  and  a required  electron  beam  current  of 
~10u  A/cm2  is  gre  tly  in  excess  (~108X)  of  that  cur- 


where 2tAv  = V + X is  assumed  for  natural  line 
broadening  (see  below  for  validation  of  this  assump- 
tion). With  \2A  » 0.2  age  in  and  8 near  the 

/(-absorption  edge,20  the  equired  photon  density  is 
N,  > 5t(T  + X)2/2Tc  cm-3. 

Calculations  are  carried  out  for  three  cases,  namely 
silicon,  calcium,  and  copper,  using  published  values8- 
1 in  Eq.  (3)  for  the  total  decay  rate  T + X (since 
Km  end  Ka 2 transitions  must  be  pumped),  values 
for  T vrom  Eq.  (2),  and  the  results  plotted  in  Fig.  3, 
i.e.,  assuming  the  linp  shift  mode  of  operation  is  pos- 
sible. The  results  are  listed  in  Table  IT,  where  for 
copper  the  results  without  the  line  shift  advantage 
are  also  included  in  parentheses  by  calculating  T 
from  the  data  in  Fig.  2.  The  photon  densities  N„  de- 
rived are  converted  to  pump  source  radiances  F by 
multiplying  by  c(3 hc/\),  where  the  latter  factor  rep- 
resents the  approximate  pumping  photon  energy 
Up  to  this  point,  the  density  of  the  laser  medium  has 
not  entered. 

The  gain  aL  achievable  with  a chosen  length  L 
may  be  found  from  using  the  gain  coefficient  a given 
by  the  right  side  of  Eq.  (3),  i.e., 


<(%l/°pi)L 


With  (see  Table  II)  calculated  from  Ref.  23  at  a 
pumping  photon  energy  of  1.25  times  the  Ka  photon 
energy,  and  assuming  Nj  = 1023  cm-3,  the  gain  is  cal- 
culated for  a le  :gth  of  300  Mm,  which  is  10X  a reason- 
able 30-Mm  focal  width  (w).  The  results  for  the  three 
cases  are  listed  in  Table  II.  For  all  three  cases,  the 
mean  free  path  of  a pumping  x-ray  photon,  given  by 
(Nirfi)  *,  is  much  less  than  the  length,  so  that 
transverse  (or  oblique  traveling  wave)  pumping  is  re- 
quired, and  the  area  is  given  by  Lw  = 9 X 10-c  cm2. 
With  this  area  and  providing  for  a 10%  efficiency  of 
power  conversion  from  the  original  pumping  source 
to  x rays  of  the  proper  energy,  the  pump  power  P re- 
quired is  derived  and  listed.  Also  indicated  is  the 
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Table  II.  Ka  Pumping  Requirement. 


1 


Atom 

A 

(A) 

10-"  X 

<r  + a) 

(sec-1) 

T 

l0-20jVv 

(cm-*) 

lO-'X' 

(TW/cm5) 

105%*, 

(cm5) 

a/. 

/\TW)“ 
10 -'E(J) 

k'l'otl1 

(keV) 

(Am)wfl 

(A) 

nSi 

7.1 

0.7 

0.0 

2 

4.8 

9 

70 

4 

0.5 

5 

2(}Cft 

3.4 

11 

0.8 

4 

21 

4 

30 

9 

0.7 

4 

2(Cll 

1.5 

21 

0.0 

20 

230 

2 

If) 

200 

1.2 

2 

(0.2) 

(00) 

(700) 

(600) 

(1.0) 

(1.5) 

( ) Refers  to  no  line-shift  case. 

* For  10%  conversion  efficiency. 
b Using  1%  of  total  blackbody  spectrum. 
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corresponding  pump  energy  E required  for  a 10-psec 
wide  pulse,  e.g.,  for  a laser-heated-target  x-ray 
source. 

From  Table  I!  we  may  conclude  that,  with  the  ad- 
vantage gained  from  line  shifting,  high  net  gain  (=70) 
is  available  in  silicon  with  a reasonable  pump,  e.g.,  40 
J in  a 10-psec  pulse.  Since  it  is  unlikely  that  the 
vapor  density  can  be  maintained  at  1023  cm-1  (solid), 
the  high  gain  is  a safety  factor,  i.e.,  with  a medium 
density  as  low  as  7 X 1021  cm-3,  a gain  of  aL  = 5 is 
still  possible.  For  shorter  wavelengths  the  pumping 
energy  increases  !'•  \g.,  2 kJ  for  copper,  which  is  still 
within  the  realm  of  reality. 

The  assumed  conversion  (from  pumping  source  to 
x-ray  photons)  efficiency  of  10%  is  probably  high, 
since  the  pump  source  must  be  converted  into  a 
somewhat  narrow  band  of  x-ray  photons  toward  the 
high  energy  side  of  the  /(-absorption  edge;  at  lower 
photon  energies  excessive  outershell  ionization  will 
occur.  If  indeed  the  conversion  could  take  place  in 
the  medium  itself  or  in  the  immediate  area  and/or  if 
a properly  tuned  pumping  source  is  available,  this  ef- 
ficiency might  be  realistic.  An  initially  attractive 
possibility  is  radiation  resulting  from  radiative  re- 
combination of  electrons  into  Is  orbitals  of  hydro- 
genic  and/or  heliuralike  ions  of  the  lasing  element  in 
a surrounding  blanket  of  high  density  plasma.  As 
the  inverse  process  of  photoionization,  the  recombi- 
nation spectral  ”>rgy  distribution  complements  the 
absorption  process  i.e.,  there  is  preferential  recombi 
nation  emission  at  energies  above  the  /(- absorption 
edge.  Taking  the  silvan  example,6  the  reconibina 
tion  emission  for  a 1-cm  thick  blanket  can  be  calcu- 
lated,24 and  it  is  iound  that  a charged  particle  density 
of  approximat  dy  1023  cm-3  is  required,  which  is 
technically  difficult  to  achieve.  Broadband 
bremsi,! 'ahlung  emission  is  hundreds  of  times 
low-  r. 21 

This  difficulty  with  insufficient  recombination  re 
diation  at  reasonable  plasma  densities  is  associated 
with  low  emisr:":.v,  Blackbody  radiation  at  & suffi- 
ciently high  temperature  is  often  considered  as  a lim- 
iting case  (as  for  sodium  in  the  VUV,  for  example25). 
Included  in  Table  I are  the  blackbody  temperatures 
kTnn  in  kcV  required  to  produce  the  required  x ra- 
diance with  1%  utilization  of  the  total  blackbody 
emission.  Also  listed  are  the  peak  wavelengths  (from 
Wien’s  law)  for  these  temperatures.  The  results  are 


very  reasonable  regarding  both  plasma  temperature 
and  the  matching  of  the  peak  of  the  emission  with 
the  absorption  band.  The  problem  is  how  to  create 
such  a blatkbody  source,  since  continuum  emission  is 
down  by  several  orders  of  magnitude  at  reasonable 
densities.  A possibility  is  a multiline  source  created 
in  a heavy  element,  where  the  individual  broadened 
lines  have  blended  emissions  approaching  the  contin- 
uous blackbody  limit.  This  saturation  is  not  unusual 
for  intense  VUV  lines,  and,  with  a careful  selection  cf 
material,  some  tuning  should  be  possible.  For  exam- 
ple, uranium  has  L and  M atom  and  ion  emission 
lines  near  1 A and  4 A,  respectively,  and  some  work 
has  already  been  performed  on  uranium  discharges 
for  intense  pseudocontinuum  sources  in  the  VUV  re- 
gion. 

IV.  Line  Broadening 

Whenever  a plasma  is  created  in  the  laser  medium, 
either  intentionally  to  achieve  a high  density  for 
pumping  purposes  or  unavoidably  due  to  intense  ion- 
ization pumping  with  Auger  processes  contributing  to 
the  free  electron  production,  the  effect  on  the  line 
width  must  be  considered,  since  the  gain  varies  in- 
versely with  line  width.2  Enhanced  broadening  (over 
the  natural  broadening  assumed  above)  may  exist 
due  to  random  Doppler  shifts  and  to  charged  particle 
interactions  (Stark  broadening).  Both  are  consid- 
ered here  for  radiation  in  the  Ka  spectral  regions  for 
various  elements.  The  results  are  not  only  relevant 
to  Ka  innershell  lines  but  to  resonance  lines  of  hel- 
iumlike and  hydrogenic  ions;  in  fact,  Stark  broaden- 
ing rates  are  taken  for  Ly-a  lines  for  convenience  and 
availahility. 

An  estimate  of  the  Doppler  width  AXp  is  obtained 
from21: 

h\D/\  =s=  *.vD/v  = 7.7  x 10 -6(W,/m)i/j,  (5) 

where  kTi,  the  ion  kinetic  temperature,  is  in  eV  and  n 
is  the  atomic  mass  number  of  the  element. 
Assuming  as  an  approximation  that  kTi  = hv/A  (n  the 
/fa-laser  frequency)  in  an  equilibrium  plasma  and  X 
= X (Lyman-a),  AXp  can  be  evaluated  as  a function 
of  laser  wavelength  X.  The  result  is  plotted  in  Fig.  4. 

Stark  widths  for  Ka  transitions  may  be  estimat- 
ed26,27 with  sufficient  accuracy  for  present  purposes, 
from  the  lesser26  of  the  widths  given  by  formulas  for 
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Fig.  4 Estimates  of  line  widths  for  Ka  type  transitions  va  wave- 
length A [with  nstural  (AAjv),  Doppler  (AAo),  and  Stark  (AAs)  ef- 
fects included).  The  decrease  in  natural  broadening  with  ioniza- 
tion is  indicated  by  circles  for  neon;  and  hydrogenic  and  helium- 
like  ionic  species  are  included. 


the  quasi-static  linear  Stark  effect  (Holtsmark  theo- 
ry) and  for  the  electron  impact  broadening.  The  for- 
mer is  given  approximately  for  Lyman-a  transitions 
by 


AX  * £i  N w 

H TIC  HI  Z{  p 


where  Z,  is  the  ion  charge  and  2p  the  average  per- 
turber  charge  of  density  Np.  For  a single-ion  plasma 
where  Zp  = Z,  this  becomes 


1 1C  III  e 


for  the  (lesser)  electron-perturber  limit.  The  elec- 
tron impact  broadening27  is  found  from 


Kiiizjv.  ’ 


APPLIED  OPTICS  / Vd.  14,  No.  9 / September  1975 


pier  broadening.  This  will  have  the  effect  of  de- 
creasing the  (Lorentz)  width  through  De  in  Eq.  (8). 

From  Fig.  4 a comparison  is  now  possible  between 
plasma  line  widths  (Doppler  and  Stark)  for  Ka  tran- 
sitions and  natural  widths  AA(=  A2Ao)/2trc)  deter 
mined  from  Aw  = F + X,  r being  the  Auger  rate  and 
X the  x-ray  decay  rate.  The  Auger  data  used  here 
are  mostly  for  single  K vacancies  in  neutral  atoms; 
for  one  case,  namely  neon  (A  = 14.6  A),  the  reduction 
in  natural  width  with  multiple  ionization  is  indicat- 
ed.28 Also  shown  for  general  interest  are  the  natural 
widths  AX s (Aw  = A,  the  transition  probability)  for 
helium-like  and  hydrogenic  species,  where  the  latter 
is  a straight  line  since  Ly-a  wavelengths  were  used, 
i.e.,  A a:  X-2  and  AAa/  a:  A2A. 

From  Fig.  4 it  is  clear  that  Doppler  broadening  is 
not  significantly  larger  than  innershell  natural  broad- 
ening at  a low  degree  of  ionization.  Also,  Lyman-a 
type  ( n = 2)  Stark  broadening  even  at  solid  densities 
(~1023  cm'3)  is  not  dominant  for  wavelengths  short- 
er than  4 A.  Therefore,  line  broadening  alone  does 
not  preclude  a unified  plasma  approach  to  x-ray  las- 
ing on  Ka  transitions.  The  significant  reduction  in 
line  width  shown  and  the  avoidance  of  photoioniza- 
tion losses  offered  by  hydrogenic  and  heliumlike  ions 
could  only  be  realized  in  a relatively  tenuous,  ex- 
panded, low  temperature  plasma  with  frozen-in  iocs 
of  these  types,  where  quaci-cw  operation  according  to 
the  present  scheme  is  not  possible. 


V.  Summary 

Quasi-stationary  population  inversion  appears  to 
be  possible,  even  with  the  most  recent  calculations  of 
Auger  rates,  for  eler-ents  with  Z less  than  40.  It  ap- 
pears that  the  line  shift  with  multiple  ionization  will 
help  in  maintaining  inversion;  however,  the  need  for 
a more  complete  numerical  rate-equation  analysis  is 
clearly  indicated.  Assuming  quasi-cw  operation  is 
feasible,  the  pump  power  requirements  necessary  to 
overcome  photoionization  losses  and  at  the  same 
time  achieve  useful  gain  do  not  appear  to  be  com- 
pletely unreasonable,  particularly  when  blackbody 
x-ray  emission  is  considered  as  a pumping  source.  It 
is  suggested  that  partial  blackbody  radiation  in  the 
selected  wavelength  band  required  for  innershell 
photoionization  pumping  be  acquired  with  intense 
multiline  radiation  from  heavy  atoms  and  ions. 


where  the  factor  n2(n2  - 3)  ln(«max/«min)  has  been  ap- 
proximated numerically  by  n4  for  I yman-a  transi- 
tions. Also,  ue  may  be  replaced  by  t‘  te  mean  thermal 
velocity  for  the  electrons  at  the  plasma  kinetic  tem- 
perature derived  above,  i.e.,  hu/i.  The  resulting 
Lyman-o  (a  = 2)  Stark  widths  AXy  are  plotted  in  Fig. 
4 as  a function  of  wavelength  for  three  electron  densi- 
ty values.  The  magnitudes  of  these  two  Stark  broad- 
ening processes  are  approximately  the  same  for  pres- 
ent conditions.  There  is,  for  some  schemes,  an  ad- 
vantage in  increasing  the  electron  temperature  pref- 
erentially over  the  ion  temperature  for  increased 
electron  collisional  pumping  without  additional  Dop- 
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SPECTROSCOPY  OF  PLASMAS  FOR  SHORT  WAVELENGTH  iASERS^f 

R.  C.  Elton  and  R.  11.  Dixon 
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Washington,  D.  C.  203  75 

ABSTRACT 

The  achievement  of  significant  amplified  spontaneous  emission 
at  short  wavelengths  requires  either  very  high  density  c,  or  very 
long  lengths.  The  former  approach  appears  more  prcmisi;  g at 
present  for  concentrating  the  large  pumping  power  required,  and 
plasma  media  are  anticipated  under  such  conditions.  Most  often 
lasing  times  are  short  and  extension  with  metastable  states  does 
not  appear  possible  at  the  high  density  required  and  with  com- 
peting dipole  transitions.  Focused  high  power  laser  beams  offer 
the  most  promising  source  of  concentrated  pump  energy  at  present. 

An  inversion  scheme  of  high  pump  probability  for  short  wave- 
length lasing  involving  resonance  charge  transfer  o f an  electron 
from  a neutral  atom  to  an  ion  has  been  identified,  and  an  exper- 
iment designed  to  test  this  scheme  is  described.  Initial  space- 
resolved  spectra  ara  presented,  as  is  the  distribution  cf  the 
measured  photographic  spectral  line  density  with  distance  from 
the  surface  of  a laser  heated  carbon  target  as  obtained  with  a 
space-resolved  grazing-incidence  spectrograph.  Early  results 
indicate  optically  thick  resonance  lines  extending  to  approx- 
imately 0 . 8nra  from  the  target.  Charge  transfer  pumping  is  expected 
at  distances  ^ 2 mm.  No  definitive  data  are  so  far  available 
with  a neutral  gas  background. 

INTRODUCTION 

It  is  the  primary  .intention  in  this  paper  to  present  some 
recent  spectroscopic  results  from  helium-like  and  hydrogen ic 

'•■Support  o d~  i n~  pa  re  by  the  Defense  Advance  Research  Project  Agency, 
DARl’A  Order  Mvf. 

TPaper  presented  at  the  4th  International  Conference  on  Beam  Foil 
Spectroscopy,  Gatlinburg,  Tenn.,  September  1975  (proceedings  to  be 
published) . 
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carbon  ions  obtained  in  a laser-produced  plasma.  The  experiment  is 
being  conducted  to  investigate  a potentially  promising  approach  to 
achieving  laser  action  at  very  short  wavelengths,  namely  resonance 
charge  transfer  of  electrons  from  a neutral  atom  into  excited 
states  of  a highly-stripped  ion.  Although  a number  of  articles 
have  recently  been  written  on  the  subject  of  short  wavelength 
lasers  and  a comprehensive  review  article  is  in  preparation,  it  is 
appropriate  to  include  some  brief  introductory  remarks  in  this 
paper  to  accent  those  areas  of  particular  interest  to  beam  foil 
spectroscopists  and  other  specialists  at  this  conference. 


At  present  the  existence  of  undisputed  vacuum  ultraviolet 
lasing  has  been  achieved  for  wavelengths  as  short  as  1098  A with 
power  levels  varying  from  10  kW  to  500  MW,  mostly  v*  th  molecular 
transitions.  Frequency  multiplication  of  a coherent  infrared 
laser  beam  has  been  successfully  extended  to  wavelengths  as  short 
as  887  A.  At  shorter  wavelengths  small  degrees  of  population  in- 
version have  been  reported  for  hydrogenic  ion  lines  following 
recombination,  but  so  far  no  undisputed  claims  of  measured  net 
amplification  are  available. 


The  difficulties  encountered  in  extending  lasing  to  wavelengths 
shorter  than  1000  A and  into  the  x-ray  region  can  easily  be  seen 
from  simple  scaling  laws.2  The  problems  begin  with  a lack  of 
efficient  resonanting  cavities  so  that  a measurable  gain  given  by 
exp  (aL)  for  an  amplifying  length  L is  only  achieved  for  a positive 
gain  coefficient  a exceeding  unity.  For  Doppler  broadened  spectral 
lines  the  linear  gain  coefficient  orD  scales  as 
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where  v represents  the  mean  velocity  of  the  lasant  ion,  NQ,  Nu,  and 
Nj£,  represent  the  population  densities  of  the  initial  state  and 
the  upper  and  lower  laser  states,  respectively;  gy  and  gx  are  the 
appropriate  statistical  weights;  Au<g  is  the  transition  probability 
for  the  laser  transition;  and  X is  the  wavelength  of  the  lasing 
transition.  Positive  values  of  cvp  are  required  for  net  gain. 
Written  in  this  form,  it  is  obvious  that  the  achievement  of 
population  inversion  is  possible  as  indicated  in  the  last  factor 
(shown  in  braces)  irregardless  of  the  absolute  value  of  the  gain 
coefficient;  thus  the  early  reports  of  evidence  of  population  in- 
version without  measurable  gain.  A high  gain  coefficient  at  short 
wavelengths  therefore  depends  primarily  on  the  first  factor  (in- 
dicate in  brackets)  in  Eq.  (1).  This  factor  may  be  written  as 
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where  P/aL  is  the  pump  power  density  for  a cross-sectional  area  a 
and  length  L of  laser  volume,  and  hc/Xou  represents  the  pumping 
energy.  When  Xou  is  assumed  equal  to  10  X and  for 

to  5 absolute  values  for  F/aL  becom#  approximately  10  W/cm  tor 
a wavelength  X = 100  A,  and  it  is  clear  that  this  power  density 
scales  as  X The  bracketed  factor  in  Eq.  (2)  can  also  be 


written  as 


N N 
o I 


where  r ,(X)  is  the  rate  coefficient  for  pumping  from  some  initial 
state  o°to  upper  state  laser  u,  and  N is  the  density  of  pumping 
particles  or  photons.  The  rate  coefficient  r depends  upon  the 
particular  pumping  atomic  process  and  varies  with  wavelength 
according  to  the  particular  cross  section  as  well  as  the.  conditions 
of  the  pumping  source.  Independent  oc  the  wavelength  dependence 
of  r , the  density  product  N0  N varies  as  X'>  for  a fixed  value 
of  ot°"  It  is  desirable  to  keepP these  densities  low,  both  to  avoid 
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additional  collisional  effects  and  also  to  permit  higher  gam 
coefficients  achievable  at  increased  densities.  Therefore,  a . 
pumping  process  with  a rate  coefficient  rou  bearing  a strong  in- 
verse dependence  on  wavelength  and  a large  absolute  cross  section 
is  most  desirable.  From  this  point  of  view,  the  most  promising 
process  identified  so  far  for  p.mping  at  short  wavelengths  is 
resonance  charge  transfer  of  an  electron  from  a neutral  atom  to 
an  ion  in  a collision,  where  the  cross  section^  is  given  approx- 
imately by  10-16  *an2  cm2  and  the  rate  coefficient  r is  given 
approximately  by  10=6  x-5/4  „hich  Is  several order,  o?  magni  ode 


approximately  by  w " a , wmuu 

larger  than  other  known  pumping  processes.  With  this ?q°ce!3  ® , 
gain  coefficient  c*D  - 5 is  predicted  at  a density  of  10^  cm  and 
a wavelength  as  shSrt  as  8 A.  Further  details  of  this  scaling  for 
other  processes  is  published  elsewhere.  * 


In  addition  to  considerations  of  the  pulse  power  and  the 
lasant  density  requirements,  the  time  available  for  lasing  is  also 
a serious  consideration  at  short  wavelengths;  since  for  many 
processes  it  is  expected  to  be  as  short  as  the  lifetime  of  the  upper 
laser  state  which  scales  as  X"2  and  varies  from  10  sec.  at 
1000  A to  10"15  sec.  in  the  x-ray  region.  Thus,  there  is  also  a 
search  for  cw  or  quasi-cw  laser  schemes  with  extended  lasing  times. 
It  is  natural,  particularly  for  participants  at  this  conference, 
to  think  first  of  metastable  states  for  this  purpose.  The  above 
relations  show  that  both  the  gain  coefficient  and  the  pump  power 
density  are  proportional  to  the  product  of  a density  and  the 
upper  to  lower  state  transition  probability.  Tuus,  proportion  y 
higher  densities  are  required  for  the  low  probability  of  meta stable 
states,  for  a given  gain  coefficient,  and  collisional  effects  g 
to  dominate  over  radiative  effects.  (However,  it  is  to  be  noted 
that  the  pump  power  density  is  independent  of  the  lasant  density  or 
the  transition  probability  for  a fixed  gain  coefficient.)  Also  it 


I 


l 


*• 


4 


- vr  — ■**■*•< ~ — f 9*1*** 


has  so  far  not  been  possible  to  identify  a transition  from  a 
metastable  state  that  is  not  in  direct  competition  with  a dipole 
transition  to  the  same  lower  state,  which  will  rapidly  destroy 
population  inversion  and  thereby  negate  any  advantage  of  the  long- 
lived  metastable  state.  Therefore,  the  only  proposal 
published^  for  the  use  of  metastable  states  in  short  wavelength 
lasing  is  for  the  storage  of  electrons  in  the  2^-S  metastable 
state  of  helium-like  ions  for  subsequent  rapid  transfer  (pumping) 
to  the  2^P  state,  followed  by  lasing  on  the  2^P  ->  l^S  resonance 
transition. 


RESONANCE  CHARGE  TRANSFER  EXPERIMENT 


The  high  pumping  flux  required  in  small  volumes  and (most 
often) the  short  pump  pulse  risetime  required  demand  the  use  of 
plasmas  as  a lasant  and  focused  laser  beams  as  a pumping  source  for 
the  shorter  wavelength  regions.  A typical  plasma  approach  is  the 
resonance  charge  transfer  pump  scheme,  as  originally  proposed^ 
by  Vinogradov  and  Sobel'man  and  illustrated  schematically  in 
Fig.  1 for  a particular  ion  atom  combination,  namely  C^+  and 
helium,  which  has  been  shown  by  a simple  Landau-Zener  theory^ 
for  exothermic  reactions  to  have  a large  cross  section  for  the 
particular  plasma  temperatures  expected  in  the  presence  of  these 
ions.  The  n = 3 states  of  the  helium-like  ions  formed  are  expected 
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Fig.  1— 

Schematic  diagram  of  the  exothermic  resonance  charge  transfer  re- 
action leading  to  population  inversion  between  n=3  and  n=2  levels  in 
helium-like  ions  following  collisions  with  helium  atoms.  Eg 
represents  the  binding  energy. 
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to  be  preferentially  populated  at  a high  rate  from  the  Is  S 
ground  state  of  neutral  helium  atoms  in  collisions,  with  subse- 
quent lasing  between  n=3  and  n=2  states  and  rapid  lower  n=2 
lrser  state  depletion,  with  inversion  obtained  as  long  as  the 
initial  ions  an  maintained  at  a sufficient  density.  An  experi- 
ment designed  to  test  this  scheme  is  shcwr  schematically  in 
Fig.  2,  where  a laser  beam  is  focused  onto  a carbon  slab  target 
before* the  entrance  slit  of  a grazing  incidence  spectrograph  cap- 
able of  recording  the  resonance  series  of  hydrogenic  and  helium- 
like carbon  lines  in  the  soft  x-ray  spectral  region.  The  slot 
shown  between  the  entrance  slit  and  the  grating  in  Fig.  2 provides 
spatial  resolution  of  the  emission  from  the  plasma-  plume  produced, 
as  indicated  along  the  length  of  the  spectral  lines  recorded. 

The  neutral-atom  background,  namely  helium  in  the  present  case, 
is  not  indicated  in  Fig.  2.  The  experiment  is  also  shown  in  the 
photograph  in  Fig.  3 where  the  lucite  chamber  holding  the  rotatable 
disk  carbon  target  is  fhown  attached  to  the  entrance  of  the 
grazing  incidence  spectrograph.  A ruby  laser  capable  of  delivering 
6 J,  20  ns  FWHM  pulses  to  a 500  /jm  focal  spot  is  shown  mounted 
above  the  spectrograph. 


Fig.  2 — 

Schematic  diagram  of  the  resonance  charge  transfer  experiment,  in- 
cluding the  grazing  incidence  vacuum  spectrograph.  The  orthogonal 
slot  shown  provides  spatial  resolution  along  the  direction  of 
plasma  expansion  from  the  target  surface,  as  traced  in  Fig.  5. 
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Photograph  of  the  resonance  charge  transfer  experiment  showing 
the  lucite  target  chamber  attached  to  the  grazing  incidence 
spectrograph  and  the  laser  in  current  use. 

The  initial  results  that  can  be  reported  at  present  are  for 
expansion  into  vacuum,  which  provides  a reference  spectrum,  as 
shown  in  Fig.  4.  ihis  is  a second  order  spectrum  of  hydrogenic 
and  helium- like  resonance  lines,  with  the  true  wavelength  indicated 
in  A units  and  the  distance  from  the  target  surface  indicated  in 
m Uimeters.  The  weaker  lines  indicated  in  this  spectrum  have  been 
identified  as  other  second  order  lines,  known  satellite  lines, 
or  in  a few  cases  impurity  lines.  Significant  Stark  broadening  of 
the  spectral  lines  can  be  observed  in  the  high  electron  density 
region  near  the  target  surface,  and  is  an  indicator  of  the  electron 
density.  At  present,  microdensitometer  scans  along  the  wavelength 
axis  at  various  distances  from  the  target  surface  are  being 
compared  with  similar  spectra  obtained  in  the  presence  of  helium 
background  gas,  in  a search  for  evidence  of  enhanced  population  of 
specific  levels  as  indicated  by  the  resonance  line  emission  from 
these  levels.  While  the  data  for  such  comparisons  is  at  present 
sparce  and  inconclusive,  it  is  possible  to  report  on  the  variation 
of  the  photographic  densities  with  distance  from  the  target  sur- 
face for  various  spectral  lines  important  to  this  experiment.  The 
results  are  plotted  in  Fig.  5 for  a vacuum  expansion,  where  an 


Spatially  resolved  CV  and  CVI  grazing  incidence  spectrum  using  a 
490  jum  slot  as  shown  in  Fig.  2.  No  background  gas  was  present. 


instrumental  resolution  in  distance  of  1 mm  is  expected  at  the  plasma 

INITIAL  RESULTS 

The  preliminary  results  obtained  comparing  spectra  with  and 
without  the  neutral  helium  atmosphere  are  to  date  inconclusive 
and  will  not  be  discussed  here.  Under  vacuum  conditions,  both 
the  line  (Fig.  5)  and  the  continuum  emission  are  observed  to 
initially  increase  with  distance  from  the  target  surface.  This 
is  consistent  with  a rising  temperature  and  the  formation  during 
the  rising  laser  pulse  of  an  expanding  high  density  critical 
absorption  layer  for  the  laser  radiation.  Association  of  the 
increasing  continuum  emission  with  density  through  bremsst rah lung 
and  recombination  processes  is  consistent  with  the  increasing 
Stark  broadening^ in  the  same  region,  as  observed  in  the  spectrum 
of  Fig.  4. 

Compared  in  Fig.  5 are  the  photographic  densities  (with  the 
continuum  background  subtracted)  of  the  resonance  series  lines® 
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Fig.  5 — 


Photographic  density  versus  distance  from  target  from  space- 
resolved  grazing  incidence  spectrum  for  the  C^+  (CV)  resonance 


series. 


from  the  helium-like  C^+  ions  in  vacuum  (CV  reference  spectrum). 
While  these  densities  have  so  far  not  been  converted  to  exposures, 
it  is  clear  that  at  distances  greater  than  0.8  mm  the  total  line 
intensity  ratios  scale  approximately  as  expected,  particularly 
for  those  lines  associated  with  transitions  originating  on 
levels  with  principal  quantum  number  n ^ 3.  It  is  this  "outer" 
region  2 mm),  where  the  density  decreases^  to  *5  101®  cm-0 
that  is  of  interest  to  the  present  carbon-ion/helium-atom 
resonance  charge  transfer  experiment.  The  Z1?-*  l1s  first  resonance 
line  appears  to  have  an  enhanced  emission  which  may  be  associated 
with  a considerably  higher  uscillator  strength  compared  to  the 
other  lines  in  the  series,  as  evidenced  from  data  available 
for  neutral  helium9. 

Clo^e  to  the  target  surface,  the  relative  line  emissions  are 
more  neirly  equal,  for  some  of  the  series  members.  This  can 
most  likely  be  attributed  to  opacity  effects10  in  the  higher 
density  region,  with  perhaps  the  emission  of  lines  of  varying 
strength  from  separate  layers.  Near  0.5  mm  the  first  series 
member  shows  a distinct  dip  in  emission  which  is  also  evi  'nt  on 


jf*  t-  -v  .-v- 


the  second  member  of  the  series.  This  also  is  most  likely  # 
associated  with  increased  opacity  for  these  stronger  members  o.  the 
series  Indeed,  the  first  member  may  be  suppressed  in  tne  closest 
regions  by  reabsorption  in  cooler  outer  layers  of  the  plasma  plume. 
Again  it  is  fortunate  that  the  resonance  charge  transfer  effects 
sought  will  becane  most  evident  at  greater  distances  where  it 
appears  that  reabsorption  is  less  severe  a problem. 
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ABSTRACT 


We  ou L H in'  a complete  theory  of  the  nonlinear  susceptibility 
of  cesium  around  l.t)6|-i,  and  present  the  first  measurements  of  the 
negative  nonlinear  refractive  index  n?  primarily  responsible  for  the 
self  defocus  nig  that  is  observed.  For  linearly  polarized  light  , our 
measured  valua  of  ng  is  -(1.4  i-  0.2)  X ltf30  N esu,  where  N is  the 
atomic  density.  This  is  in  reasonable  agreement  with  our  calculated 
value  of  - 2,62  X 10  30  N.  The  main  portion  of  n?  comes  from  a two- 
photon  resonance  between  the  6s.  and  7s  levels,  and  an  additional 
negative  term  arises  from  induced  population  changes  between  6s  and 
6p.  I’01  circular  polarization,  n^  arises  mainly  from  the  induced 

population  changes,  giving  the  measured  and  calculated  values  of 
-(u.26  ± 0.03)  X I0'ao  N and  - 0.525  X 10 ":k  N,  respectively.  In 
our  experiments , where  the  35  psec  pulses  were  shorter  than  the 
6s-6p  inverse  linewidth,  the  nonlinear  susceptibility  depends  mainly 
on  the  instantaneous . intensity;  however,  for  longer  pulses,  one  would 
obtain  additional  contributions  proportional  to  time  integrals  over 
the  intensity.  Since  the  useful  output  power  from  large  Nd  laser 
systems  is  limited  by  self  focusing  due  to  the  laser  glass,  our 
results  suggest  the.  possibility  of  increasing  this  power  by  using 
Cs  vapor  for  compensation 
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I.  INTRODUCTION 


In  recent  years,  a number  of  authors  have  observed  sclf-focusing, 


scif-dcf ocusing , 5 and  other  related  effects'1’'  due  to  a resonant 


enhancement  of  the  electronic  nonlinear  susceptibility  in  atomic  vapors.  . 


These  effects  arise  from  optically  induced  papulation  changes  associated 


with  single  photon  or  two  photon  absorption. 


.Recently,  we  reported  the  observation  of  self-defocusing  of  mode 


lo:Ued  1.06  p.  pulses  in  cesium  vapor/  For  linearly  polarized  light,  we 


.-t'-.r ibuted  this  primarily  to  a two  photon  resonant  enhancement  of  the  third 


order  nonlinear  susceptibility/'1  This  contribution  leads  to  an  intensity 


dependent  refractive  index  6nlJ  (t)  ~ n„  I(l)  ~ I(t)/(uu  -2u)) , where  n,. 


is  the  nonlinear  refractive  index,  and  ui  and  u)p  arc,  respectively,  the 


optical  frequency  and  the  near  resonant  atomic  frequency.  In  cesium  vapor 


around  X - 1.06  It,  P«i  lies  slightly  above  the  6s-'(s  frequency;,  hence, 


n < 0,-ind  at  pressures  of  a few  Torr,  its  magnitude  is  comparable  to  that 


of  laser  glass.1''  Since  the  useful  output  power  from  large  Nd  laser  systems 


is  ordinarily  limited  by  self  focusing  in  the  glass  amplifiers,  the 


existence  of  a negative  np  at  1.06  P raises  the  possibility  of  increasing 


this  power  by  using  Cs  vapor  for  compensation. 


The  nonlinear  behavior  of  Cs  is  complicated  somewhat  by  additional 


self  dcfocusing  contributions  arising  primarily  from  pulse  induced 


population  changes  in  the  6s  and  6p  levels.  For  pulsewidths  t short  in 


comparison  to  the  6s -op  dephasing  time  f^1,  this  effect  remains  intensity 
dependent,1’ 13  and  for  linearly  polarized  light,  its  contribution  to  n0 
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is  relatively  small;  however,  as  a result  of  atomic  collisi.onal  relaxation, 
it  can  also  contribute  terms  proportional  to  time  integrated  intensities, 
and  these  ''inertial"  terms  can  easily  predominate  if  t » 2^.  The  result 
is  then  similar  to  thermal  defocusing, 12 

In  this  paper,  we  outline  a complete  theory  of  the  third  order  non- 
linear refractive  index  f'n^^(t),  and  relate  this  to  earlier  theoretical 
work,11’13”15  We  then  describe  the  first  measurements  of  n2  in  Cs  vapor  at 
1.064  d under  conditions  where  the  instantaneous  terms  are  expected  to 
predominate,  and  compare  these  results  to  the  theory. 

Assuming  only  that  t is  short  in  comparison  to  .the  atomic  radiative 
lifetimes,  and  that  (u  and  2m  lie  outside  the  atomic  line  profiles,  we  show 
that  6n^ (t)  can  always  be  expressed  as  the  sum  of  instantaneous  and 
inertial  contributions.  The  inertial  terms  derived  here  include  the  effects  of 
excited  state  collisional  mixing  (e.g. , among  the  6p  sublevels)  in  addition  to 
atomic  phase  relaxation.  Specializing  to  a three  level  model  applicable  to  Cs 
around  1.06  H,a  we  then  derive  simple  approximate  expressions  for  the  two  photon 
and  induced  pbpulation  terms  described  above.  We  show,  in  particular,  that  the 
6s-7s  two  photon  term  disappears  if  the  light  is  circularly  polarized. 

The  measurements  of  ng  were  carried  out  by  observing  the  self  defocusing 
of  linearly  and  circularly  polarized  mode-locked  pulses  in  a cesium  cell.  We 
also  measured  the  insertion  loss  of  the  cesium  at  different  peak  in>.ensities, 
and  found  a broad  minimum  (<  5#  absorption)  centered  around  5 GW/cnf.  The 
measured  values  of  iv,  are  -(1.4  ± 0.2)  X lo";,°  N esu  for  linear  polarization  and 
-(0.26  ± 0,0>)  X 10";iu  N esu  for  circular  polarization,  in  reasonable  agreement 
with  the  calculated  values  of  -2.62  X lu"  '°N  and -0.525  X lo'30  N,  respectively. 
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II.  THEORY 
A.  Basic  Equations 

The  lowest  order  nonlinear  refractive  properties  of  an  isotropic 
medium  can  be  found  from  the  polarization 


P(3)(t)  - n£  p^p^  (t) 


induced  by  the  optical  field 


E (t)  = p£(U)j t)  e'lmt  + & e(-uJ,t)  e iU)t. 


Here,  N is  the  atomic  density,  = er„  are  the  atomic  dipole  matrix 
’ ’ J3a  0a 

elements  between  states  !a)  and  | p)  , P^j^  (t)  are  the  corresponding  third 
order  density  matrix  elements,  £(o,t)  =.  |c(-tu,t)J  is  the  slowly  varying 
optical  field  amplitude,  and  e is  a unit  vector  defining  the  optical 
polarization  state.  The  density  matrix  elements  are  obtained  by  solving 
the  Boltzmann  equations 


P (t)  - -(i/A)  H.  ,p  ■ (t)  - (i/#>) 


jv(t),P(n_1)(t) 


+ ;lp  (t)  R1 


for  n = 1,  2,  j),  subject  to  the  condition  P^  — 1.  Here, 


II,  E *U)ai,  ln><al  ■ v(0  ; -'ll  ^(O-H^laXpl  , 


1 0 ) is  the  ground  state,  /iuu  is  the  energy  .difference  between  |a  ) and 

<•<■>.  ) °° 


0 ),  and  <p  (t)  ;R  describes  the  atomic  relaxation.  If  we  write 


Li;  4 


(t)  in  terms  of  its  slowly  varying  amplitudes  o 


+ i>rcl  harmonic  terms 


then  the  nonlinear  contribution  to  the  refractive  index  of  an  isotropic 


medium  is 


The  following  two  simplifications  are  assumed  to  be  valid  throughout 


the  remainder  of  this  paper:  (i)  One  can  ignore  all  longitudinal  relaxation 


processes,  except  for  collisional  mixing  among  the  excited  levels,  and  (ii) 


the  atomic  and  laser  linewidths  are  negligible  in  comparison  to  the  detuning 

2<u|  that  arise  in  the  expression  for  6n^^( 


frequencies  | u> 


Condition  (i),  which  is  generally  necessary  to  avoid  nptical  pumping  effects 


requires  that  the  laser  pulse*'.' dth  t be  short  in  comparison  to  the  radiative 


lifetimes  of  thu  excited  states.  Condition  (ii)  is  well  satisfied  for  cesium 


vapor  around  I..06  p with  N £ 10 Iu  cm  ’ and  laser  linewidths  up  to  several 


angstroms 


The  resulting  solution  of  Eqs  (l)-(6),  which  is  outlined  in  the 


appendix,  yields  the  expression 


the  nonlinear  r-efractive  index  is 


■ 1 


where 


and  the  bracket  ( ) denotes  an  average  over  an  optical  cycle  [i.e 


is  a linear  susceptibility,  the  quantities  q^(t)  are  solutions  of  the  rate 
equations 


subject  to  the  initial  conditions  =0,  the  driving  terms  are 


MH|M| 


F is  the  homogeneous  relaxation  rate  of  p 


collisional  mixing  rate,  which  satisfies  the  conditions 


0 if  a or  0 are  zero.  From  Eqs,  (11),  (12), (13b)  and  the  initral 


where  W 


m)  we  obtain  the  useful  identity 


condition 


instantaneous  term  6n'(t)  is  equivalent  to  the  results  obtained  from 

in  “15  „ 

the  usual  third  order  perturbation  theory,  while  6n  (t)  arises  from  a 

change  in  the  total  susceptibility  as  a result  of  incoherent  population  of 

the  excited  levels.  According  to  Eq.  (A8  ),  the  total  population  change 

a^\o  t)  Oonsists  of  an  instantaneous  (coherent)  portion  plus  the  inertial 
aa 

(incoherent)  portion  t^(t)  that  arises  from  atomic  relaxation.  The  coherent 
contributions',  which  can  he  explained  in  terms  of  Grischkowsky ' s adiabatic 
following  model,  1,uarc  included  in  expression  (8).  Butylldn,  ct.al.uha've 
derived  results  similar  to  ours,  but  their  interpretation  is  different. 


In  their  formalism,  our  ^(t)  would  represent  the  total  population  change, 
while  the  coherent  population  terms  would  be  included  adhoc  by  inserting 
Stark  shift  terms  in  the  off-diagonal  density  matrix  equations. 

For  short  pulses  (i.«s.  , 1'^t  « 1),  the  inertial  terms  are  negligible, 

and  Eq.  (7)  reduces  to 


on(^(t)  =“  5n'(t)  = nn  <E2) 


At  the  opposite  extreme,  !‘  t » 1.  and 

, c<o  p ! 


\t)  ■'"*  6n,( (t). 


(15) 


(16) 


The  expression  for  5n  (t)  can  be  simplified  in  the  second  case  by  noting  that 

collisional  mixing  occurs  only  among  the  sublevels  of  each  nl  manifold. 

Since  the  mixing  rates  Wg  are  usually  comparable  to  r^,17  these  sublevels 

are  completely  thermal ized  if  I'  t » 1. 

uo  p 
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B.  Three  Level  Model 

The  theory  presented  so  far  is  applicable  to  all  atomic  vapors  under 
suitable  conditions.  For  cesium  vapor  around  1.0 6 It , one  can  obtain  a 
useful  and  instructive  approximation  to  this  theory  by  examining  the  lower 
lying  energy  levels,  shown  in  Fig.  I.10  Around  1.1)6  p,  Sn^  appears  to  be 
determined  mainly  by  the  |6s  > = j 0> , 1 6p  > s | 1 } and  1 7s  ) = |2  > levels 
because  of  the  nearby  one  and  two  photon  resonances  with  6p  and  7s, 

respectively  (i.e.,  «>U)  - w « +■(«,  and  | .ca^.  - 2(«|  « u)^).  To  a 

firsL  approximation,  wo  can  therefore  ignore  all  other  levels  and  all  non- 

('i) 

resonant  contributions  to  r;nWj'(t).  We  will  also  ignore  the  L-S  splitting 
of  the  6p  level,  and  approximate  6p  by  the  degenerate  magnetic  substates 
la  ) > lb  ),  ! c)  representing  m=  +1,  o,  -1,  respectively.  This  appears 
to  be  reasonable  at  l.Offt  u,  where  (tu^  - oj)/2nc  = 2l4u  cm'1  and  the  L-S 
splitting  is  only  5*1 4 cm  1.  The  error  that  th!s  causes  in  the  evaluation 
of  iv,  is  small  in  comparison  to  that  caused  by  the  neglect  of  higher  energy 
states  and  nonrasonant  contributions. 

( or  linearly  poLaritod  liglit , we  choose  e s z;  hence,  the  only  non- 
vanishing matrix  elements  of  interest  are  S-p,  = p,„  ± uf  and 

. bo  lu  10 

Z V,2b  " U21  " w21’  Using  the  simplifications  described  above,  one  ean 
approximate  Eqs  (7) -(10)  by 

SttNp®  2TTNI&. 

s"  <0  * 'S<E  <l>:  '■  rsrzs  Um  - %mi  * jfe-Jjr in  , 
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and  qfl(t)  and  qb(t)  are  solutions  of  Eqs  (11).  The  term  q2<t)  has  not  been 
Included  in  (17)  because  it  is  fourth  order  in  E(u),  and  is  therefore 
negligible  unless  -Be'  is  comparable  to  the  atomic  linewidth.  Such  terms 
were  discussed  by  Butylkin,  et.  al. }i  and  have  recently  been  observed  in 
potassium  vapor. 4 

The  neglect  of  l.-S  splitting  allows  one  to  obtain  simple  expressions 

for  BqU)  and  qb(t)  with  only  two  relaxation  constants.  By  symmetry 

considerations,  it  follows  that  T = T s f s T,,  W =W  =W  =' w t 

ao  bo  co  10 > a b e _ W’  and 

% “ *W  fc,ra  '■  ctlual  to  a>  h or  c-  Equations  (11)  then  reduce  to 

; - . JjS o , (eS) 

“ ('-tlc-x);-  (E  ' dpa. 


qb  - -(3/2)Hqb  - |WqQ  + (^  - *W)  ^ 
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d9b‘ 


where  the  identity  qQ  I qg  + qfc  + qc  - 0 TEq  (14)]  has  been  used  to  obtain 

(*9b).  Solving  for  qQ(t)  and  qb(t),  and  substituting  them  into  (.17),  we 
obtain  the  result 


'Sn(  ,V>  ~"2  <Es(t)>  1C  1J  (Ep(t'))dt/ 


c , 


t 


■0/2)W( 


-■wf 


<E2(t")>dt" 
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As  we  indicated  in  the  preceeding  subsection,  the  integral  terms  arise  from 


incoherent  redistribution  of  the  6s  and  6p  populations,  and' will  predominate 


For  pulsewidths  comparable  to  or  less  than  the  atomic  relaxation  times 
•"iQ1  and  W \ the  most  important  contribution  to  &n^(t)  is  the  two  photon 
term  n defined  by  Eqs  (lfl) , as  we  will  show  at  the  end  of  this  section.  This 


term  is  positive  in  most  substances  around  1.0 6 U,  and  is  partially  responsible 
for  the  self  focusing  observed  in  materials  such  as  laser  glass.-1 0 In  Cs  vapor 
around  1,06  H,  however,  n2Q  is  large  and  negative  due  to  the  strong  resonant 
enhancement  by  the  two  photon  denominator  <tag0-2u))/2TTc  = -26.1  cm-1. 

The  instantaneous  portion  of  6n^\t).  can  be  interpreted  physically 
by  rewriting  expression  (18b)  in  the  form0 


The  first  (and  largest)  pair  of  terms  arise  directly  from  the  two  photon 


"polarization"  , wiiich  drives  a^A'oj)  and  o^\iu).  r->.  second  pair 


arise  from  the  coherent  redistribution  of  the  6s  and  6p  populations,  as 
described  by  adiabatic  following  theory. 1’'J  We  have  recently  shown  that  the 
combined  coherent  and  incoherent  population  terms  in  a two  level  system  (i.e. , 
in  the  absence  of  and  W)  can  be  described  by  a generalized  adiabatic 


following  approximation  that  takes. account  of  the  phase  relaxation  r.^,£u 


For  circularly  polarized  light,  we  choose  e = r = 2~"(x  + iy) ; hence, 


^4*  <j| 

the  only  nonvanishing  matrix  elements  of  interest  are  r . d • - u,  = u, 

„+  * aO  10  10 

and  r . 1^  = d,-,j_  - d,,., . The  magnitudes  of  dlQ  and  dgl  are  equal  to  those  in 


the  linearly  polarized  case.  Using  the  same  approximations  and  proceedure  as 


above,  we  again  obtain  Eq  (20),  but  the  constants  ng  and  C?  are  now  defined  by 


n,-,  ~ - n , . , 


co  ; -(r10-^W)nin  + «Wnni 


The  n^  term  does  not  appear  in  this'  case  because  the  corresponding  virtual 
transition  6s  - 6p  -■*  7s  requires  zero  net  angular  momentum  transfer  from 


the  light  to  the  atom,  whereas  two  photons  of  circularly  polarized  light 


must  transfer  AJ  = 12.  ?1  (Two  photon  contributions  do  arise  from  the  nsD 


levels,  but  they  have  not  been  included  in  this  simple  approximation.) 


From  Eq  (24)  and  definitions  (l8a,b),  we  see  that  ng  reduces  to  the  expression, 
derived  by.  Grischkowsky , 1,5as  one  would  expect  in  this  case. 

To  evaluate  'V-q.  and  ^l*  we  useH  matrix  elements  obtained  from 
the  total  6s"Si  - 6p  Pj,  ;>  ai\d  6p2Pi  s ■ 7s’"Si  line  strengths  calculated  by 
Heavens, 2?  and  took  the  energy  of  6 p to  be  11547  cm" 1(the  weighted  average 
of  6prP^  and  6p2Pn).  The  magnitudes  of  the  matrix  elements  are  (in. atomic 
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unics)  Uli(;l  '.i.K'  and  hv^l  - 2.^2,,  giving  the  results  -2.ii6  X lu~:k'  N, 

nU)  " °-vi5  x l0"  U'  N and  n21  = -<>.256  .X  10 "ao  N esu  Cor  X - 1.064  p.  The 
resulting  values  of  obtained  from  Eqs  (18)  and  (24)  for  linear  and  circular 


polarization,  respectively,  are  shown  in  column  C of  Table  1.  In  column  D,  we 


show  the  values  of  iv,  calculated  from  the  exact  expression  [Eq  (8)],  taking 


account  of  the  contributions  from  non  resonant  terms  and  higher  lying  states 


(up  to  8s,  8p,  and  6d),  and  including  the  effects  of  L-S  splitting.  The 


magnitudes  of  the  matrix  elements  were  again  calculated  from  Heavens'  data, 22 


while  the  signs  were  taken  from  Table  1 of  Miles  and  Harris. 2; 


In  the  case  of  linear  polarization,  the  good  agreement  between  columns 


C and  D justifies  our  simple  three  level  model.  The  small  discrepency  arises 
primarily  from  the  contribution  of  the  7p  levels  in  the  exact  expression.  For 


circular  polarization,  the  discrepency  is  significantly  larger,  and  stems 
primarily  from  the  two  photon  6s-5d  and  6s-6f  contributions  that  were  not 


included  in  the  three  level  model. 
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III.  EXPERIMENT 


In  order  to  measure  n^.,  we  studied  tie  self-defocusing  of  mode  locked 


Nd.YAC  pulses  in  a 100  cm  Jong  cesium  vapor  cell.  The  measurements  were  made  at 


several  densities  between  N ~ O.OB  x 1017  cm"3  and  0.32  x 10  17  cm'3  with  linearly 


polarized  pulses  and  at  0.32  x 1(J 17  cm"'1  with  circular  polarization.  The ‘density 


was  controlled  by  adjusting  the  temperature  of  a cesium  reservoir  (26o305°C), 


while  the  main  cell  was  lield  at  46o°C  in  order  to  minimize  linear  absorption 


from  Cs  dimers. s'  lor  N 0.32  x 1017  cm  ^ , the  6s-6p  transverse  relaxation  time 


n,('  is  approximately  fill  psec. 

The  input  radiation  consisted  of  single  pulses  of  FWHM  (intensity)  duration 


psec,  as  determined  liy  measurements  with  a 5 psec  resolution  streak 


camera.  Since  >2  t at  all  Cs  pressures,  the  instantaneous  terms  are 


expected  to  predominate  in  Eqs.  (7)  and  (JO);  hence,  expression  (15)  should  be 


a good  approximation,  at  least  for  the  linearly  polarized  pulses.  The  input  beam, 
Which  was  well  collimated  (radius  of  curvature  Pq  **  20  m) , had  the  form  of  an 


Airy  profile  truncated  at  the.  first  minimum,  with  a 1/e  intensity  radius  of 


aQ  " °-58  'lim*  The  'pulse  energy  entering  the  ce  .1  was  measured  with  a calorimeter, 


aind  was  monitored  with  a calibrated  photodiode.  For  the  linear  polarization  case. 


simultaneous  energy  measurements  Were  made  at  the  output  to  determine  the  transmission 


of  the  cesium,  which  is  plotted  vs  input  pulse  energy  in  Fig,  2. 


Tile  energy  profile  at  die  output  of  the  cell  was  recorded  by  imaging  the  exit 


window  onto  a silicon  photodiode  array  of  25  p resolution.  Figure  3a  shows  typical 
oscilloscope  traces  of  tlicsc  output  profiles  for  the  case  N -..32  x 1017  cm"3. 

At  low  intensities,  the  beam  profile  was  identical  to  that  obtained  with  linear 


propagation  in  an  empty  cell.  At  intermediate  intensities,  the  beam  size  increased. 


but  its  smooth  characteristic  shape  was  retained.  At  the  highest  intensities 


“ ' ...  _ 
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used,  further  increase  hi  beam  size  was  observed,  accompanied  by  bean)  distortion 
and  the  appearance  of  ring  structure  near  the  axis.  This  behavior  is  similar 
to  t!  at  observed  in  the  self  defocusing  experiments  of  Crischkowsky  and  Armstrong. 
A'll  of  the  data  that  was  used  in  determining  ng  was  taken  at  the  intermediate 
intensitities  (rs  6 CW/cm1)  where  the  beam  distortion  and  cesium  insertion  loss 
wore  negligible. 

In  analyzing  the  data,  the  output  profile  of  the  beam  was  calculated  from 
a solution  of  the  wave  equation  in  the  paraxial  ray  approximation.  Using  Eq.  (15), 
along  with  a constant  shape  assumption, 12and  approximating  the  shape  of  the  input 
beam  with  a Gaussian  distribution,  we  obtain  for  the  intensity  profile  at . the 
end  of  the  cell 


I ( v , L ) " [P( t)/na2(t) J exp  [-r2/a2(t)3.  (?6) 

Merc  P(t)  is  the  input  beam  power  and  a(t)  is' a time  dependent  radius  given 

by10 

a2(t)  - a2  1(1  + z/p^)2  + [1  - P(t)/Pcl  (Xz/2-na2)2  ] , (27) 

where  z is  the  length  of  the  Cs  cell,  aQ  and  PQ  are  the  input  radius  and  beam 
curvature,  respectively,  and  P^  s \2c/32«*n2  <0.  The  energy  profile  was  then 
obtained  by  numerically  integrating  expression  (26)  over  the  pulse  duration. 

For -each  data  point,  measured  values  of  a^,  PQ  and  P(t)  were  used. and  the  value 
of  n0  was  chosen  to  give  the  best  theoretical  fit  to  the  measured  energy  dis- 
tribution of  the  half-.Tixj'imira  points.  This  procedure  is  justified  by  the  good 
overall  agreement  between  the  calculated  and  experimental  profiles,  as  illustrated 


by  the  examples  shown  in  Fig.  5b, 


iv.  RESULTS  AND  DISCUSSION 


The  result*  of  our  n?  measurements  for  linearly  and  circularly  polarized 
light  are  shown  as  a rime  Lion  of  density  in  Fig.  4,  and  are  compared  with  the 
theory  in  Tabic  1.  The  first  column  of  Table.  1 gives  the  experimental  values  of 
n2/N  obtained  using  Eqs.  05),  (26)  and  (27),  as  described  above.  Column  B 
gives  adjusted  experimental  values  which  approximately  account  for  the  contribution 
of  the  integral  terms  in  Eq.  (SO),  as  we  will  discuss  below.  Columns  C and  D 
give  the  approximate  aid  exact  calculated  values  of  tig/N  that  were  discussed 
in  See.  Ill,  and  the  last  column  gives  the  value  obtained  from  the  susceptibility 
calculations  of  Miles  and  Harris.23 

In  using  Eq.  05)  to  analyze  the  data,  we  have,  in  effect,  treated  the  small 
integral  terms  of  fn(3)(t)  rEq.  (20)]  as  instantaneous,  and  lumped  them  into  an 
effective  contribution  to  the  measured  value  of  n2.  One  can  estimate  the  relative 
importance  of  these  integral  terms  by  averaging  their  contribution  to  fin^^t) 
over  the  incident  intensity,  and  comparing  this  to  a similar  average  of  the 
instantaneous  portion;  i,e. , we  consider  the  quantity 

VSf  *-'4nC3)(t)  - ng  ^<t»]  '&(t)Utj  j n?(E2(t)>2dt,  (28) 

—00 

using  Eq.  (20)  and  the  exact  values  of  from  column  D.  The  corrected  values  of 
n2  would  then  be  approximately  (1  + H)'1  times  the  numbers  shown  in  column  A. 
Assuming  that  ~ &J  p.«c,*^nd  that  N *»  1^,  17we  obtain  H(linear) 
and  Tl(cipcular)  0.#  by  numerical  integration  of  Eq.  (28).  Integral  terms  thus 
con. ribute  little  in  the  case  of  linear  polarization,  but  they  result  in  a 
significant  correction  for  circular  polarization,  where  | i^l  is  relatively  small. 
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The  experimental  and  theoretical  values  of  n2  (columns  B and  D)  are  in 
reasonable  agreement,  considering  that  one  is  comparing  ab-initio  calculations 


with  absolute  measurements.  Since  the  oscillator  strengths  corresponding  to  our 


matrix  elements  are  probably  too  large  by  a fac  r of  about  5$»22  tire  numbers  in 
columns  C and  D could  be  overestimated  by  as  much  as  10$;  hence.,  the  actual 


discrepancy  between  theory  and  measurements  is  probably  smaller  than  indicated  in 


Table  1.  The  remaining  discrepancy  appears  to  arise  from  systeinmatic  errors  in 


the  values  of  the  concentration  N or  the  pulse  power  P(t).  N was  obtained  from 


vapor  pressure  tablcsZfland  the  measured  temperatures  of  the  bulb  and  cell.  As 
other  authors  have  noted,5  the  accuracy  of  this  proceedure  is  limited*  In 


the  ratio  ng(linear)/ng(circular)  the  factor  N cancels,' and  the  agreement 
between  theory  and,  measurements  is  within  8$.  fi.e.,  the  ratio  is  5.^  from 
column  B,  and  5.0  from  column  D. ] 

Although  the  cesium  insertion  loss  was  negligible  for  the  pulses  used  in  the 
n.,  measurements,  its  existence  at  higher  and  lower  intensities  (Fig.  2)  may  have 
a bearing  on  the  possible  applications  of  the  negative  rig,  and  requires  some 
further  comment.  The  attenuation  at  low  intensities  appears  to  arise  from 
cesium  dimers,  whose  absorption  band  extends  from  the  vicinity  of  the  D lines  to 
about  1.12  P.  2-1  Using  a cross  section  of  approximately  ^ s<  4 x 10  lL  cirP ,'7 


and  concentration' 


Nd  « 5.54  x 10_23N2e 


5200  /T(°K) 


we  obtain  the  absorption  coefficient  1 0.017  at  T - 460°C  and  N ~ 0.52  x 1U  7 cm 

The  Small  signal  transmission  for  a 100  cm  path  length  is  then  approximately  18$. 

If  N is  actually  smaller  by  a factor  of  about  two,  as  we  suggested  above,  then 
the  transmission  would  be  approximately  65  -The  increase  in  transmission  with 
intensity  up  to  about  'j  btf/cm2  is  apparently  due  to  either  bleaching  or  hole 


' 
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burning  effects  in  the  dimers.  Evidence  for  this' is  shown  in  Fig.  2,  where  one 


pair  of  points  corresponds  to  a double  pulse  with  a } nsec  separation.  The 


first  pulse,  whose  energy  density  was  200  mJ/cm2,  wr*  virtually  unattenuated. 


It  apparently  bleached  out  the  dimers,  however,  because  the  second  pulse, 


whose  density  was  VO  mJ/cm  (indicated  by  the  cross),  had  significantly  higher 
transmission  than  other  pulses  of  comparable  magnitude. 

One  is  tempted  to  ascribe  the  losses  at  high  intensities  to  two  photon 
absorption  or  multi  photon  ionization;  however,  the  theoretical  cross  sections 
for  these  processes  do  not  support  such  explanations.  The  two  photon  cross'  section 


U<  )(1.06li),  which  is  due  primarily  to  the  6s-7s  contribution,  is  approximately 
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3.3  X 10  49  NI,*3  where  intensity  I is  measured  in  W/cm2.  For  N = 0.32  X UD1"7  cm'3 
and  incident  intensity  I 3 X 10JO,  the  maximum  absorption  coefficient  is 
N^(  )(1.06p)  " 10  * cm  l.  The  three  photon  absorption  is  also  negligible.  One  can 
estimate  the  four  photon  ionization  cross  section  from  calculations  carried  out  by 
Morton**  for  A - 3.0590  ►».  Morton's  results  correspond  to  a cross  section 

(1.0^9P)  3.7  x lo  x3;  23however , this  number  is  strongly  enhanced  by  a 

nearly  exact  resonance  between  3^  and  the  6f  levels  around  20329.7  cm'1.  The 
detuning 'is  only  « 1 cm'1,  whereas  for  1.00m,  it  is  134  cm'1;  hence,  (l.ugl,,,.) 

(1,13  0 a (l.Op^p.)  2.1  X 10  53I3,  giving  a maximum  absorption  coefficient 

of  l.G  X JO  cm  for  N 0.32  X 101,  cm  3.  With  beam  spreading  (and  thus-  lowering 

of  the  intensities  and  cross  sections),  the  absorption  over  100  cm  is  negligible. 

The  flattening  of  the  high  power  pulses,  as  shown  in  Fig.  3a,  suggests  that 

dimer  absorption  could  also  be  responsible  for  the  attenuation  at  these  as  well 

os  at  the  lower  powers.  To  see  this,  we  assume. for  the  moment  that  the  constant 

shape  approximation  remains  valid,  even  when  the  beam  spreading  is  large.  If  this 

were  valid  [and  ?( t)  » , then  Eq  (27)  would  reduce  to  a2(t)  =“  (Xz/2iTa  )*P(t)/P  ; 

hence,  the  on-axis  intensity  1(01  =»  (9tut  /-  . , 

j v ) / rr  would  remain  independent 

of  the  total  power  F(±>.  However,,  because  the  flattening  does  occur  and 
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becomes  more  prominent  as  P(t)  increases,  it  is  evident  that  the  intensity  1(0, t) 


can  actual ly 


as  P(t)  increases.  The  central  portion  of  the  beam  may 


therefore  become  more  susceptible  to  dimer  absorption  under  these  conditions. 


In  later  publications,  we  will  report  on  additional  defocusing  measurements 


using  longer  pulses  to  observe  the  integral  terms,  and  on  investigations  of  the 


higher  power  transmission  under  conditions  where  beam  flattening  is  negligible 


We  will  also  reporL  on  both  thgoretical  and  experimental  studies  of  the  application 


of  cesium  vapor  for  compensation  of  self  focusing  and  self  phase  modulation  in 


high  power  laser  systems. 
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appendix 


To  obtain  the  solution  of  Eqs  (j) , we  use  the  harmoni 


°f  P<S)(t)'  38  ln  Eq>  (‘"V  i*e-> 


c expansions 
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(t)  --ia^Ou.t)  e-iW+|a^Kt)  elu)t 


+ third  harmonic  terms. 
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where  the  amplitudes  o<n)  (n'uj  tl  = f a^(-n'  1*  . 

0/3  v * ' L aga  ' n -I  va^y  in  times  on  the  order 


0/3  ' - ~0a 

of  the  pulsewidth  t?.  Substituting  Eqs  (Al)  into  O)  [and  dropping  the  tim, 
label  for  brevity],  one  obtains 


. 0) 
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s iK(-»)8*.8^)(2<i))  +2iC(cD)i.s(2)(p) 
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(tu)  --  (i/A)e(uj)fi-p,  (6 


win’ re 


fire  the  phase  relaxation  and  collisional  mixing  rates 


described  in  the  text 


with  the  formal  solution  for  cr( 


Fpr  example,  (A2e)  yields  the  result 


Since  n represents  quantities  such  as  u)_^ , 2 cu^±  oj  0r  u>  ±2(0,  but  | (1/R)  dR/dt| 
is  on  the  order  of  the  laser  Unewidth,  postulate  (ii)  leads  to  the  condition 

| <1/R<  dR/dt|  « 0;  hence,  it  is  necessary  to  retain  only  the  lowest  order  terms 
of  (A5)  and  (A 6). 
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Equation  <A2d)  my  be  rewritten  by  substituting  (A3)  and  expansion  (A6), 
Ketaining  only  the  «ru  and  first  derivative  terms  of  (A 6),  and  noting  that 


rnv  one  obtains 


+ V ^(?)(i:,t)  - V W «(2)(o  t) 
r-n  <j  2Lj  pa.  pp  ^ 

Pin 


±rT(b  -A  sfr  _ Lll^  , ■ |S  , 

vil  2-j  p.o  oo>  [ K^-L-ir^)  Tc^-aSr  )0  e(-u),t)e(u),t) 


aft  po. ' 


^ ('WcO)  \ [rpO(E2(t))  + fei<ES(t))/dt], 


where  <E*(t»  - Tvl^O.U),- , is  defined  by  Eq.  (9e)  , and  postulate  (ii)  „„ 


been  used  to  justify  the  neglect  of.  1^  in  the  denominator  of  R Although 


the  zero  derivative  term  is  the  largest  contribution  to  (Afi) , it  is  evident 
that  the  corresponding  term,  ^^(t)  > in  (A?b)  may  be  comparable  to  or  less 
than  the  first  derivative  contribution  |d<Es(t)>/dt.  This  results  from  the 


fact  that  the  largest  portions  of  the  zero  derivative  terms  in  <A7a)  cancel 


when  they  combine,  with  their  complex  conjugates.  If  we  define- 


the  variable  <^(t)  by  the  relation 


9>-‘>  ’EVV  %<«■■<«»  ♦ v‘>- 


then  Eq;  (AYb)  leads  immediately  to  Eqs  (11)  and  (12). 

The  near  cancellation  of  the  zero  derivative  terms  occurs  only  in  the 
evaluation  of  Eq  (A2d) . In  the  solution  of  Eqs  (A2a-c)  and  (A2e) , one  can 


' ' 


-Ik ir  r ■ 


itt-  *rik£W  %ai 


1 


along  with  the  instantaneous  portion  of  (AS),  are  equivalent  to  those  obtained 
from  ordinary  perturbation  theory.1'3  Xm>  Combining  these  results  with  expression 
(A3),  one  obtains  Eqs  (f)  - (10)  after  some  tedious  but  straightforward  algebra. 
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TABLE  1 


EXPERIMENTAL 
(A)  (B) 

THEORETICAL 

(C)  (D) 

■ 

MILES  & HARRIS 
(E) 

-1.5  ± o.o? 

-1.4  ± 0.2 

-2,70 

-2.62 

-0.66 

-0.35  ± 0.04 

-0.26  ± 0.03 


-0.335 

-O.525 

(A)  Experimental  values  obtained  from  analysis  of  data  that  ignores  the  integral 
terms  of  Equation  (20). 

(B)  Experimental  values  including  an  adjustment  to  approximately  account  for-  the 
integral  terms. 

(C)  Theoretical  calculation  using  the  near-resonant  three  level  approximation 
TEqs.  (18)  and  (24) J. 

(D)  Theoretical  calculation. including  antiresonant  terms,  higher  excited  states, 
and  L-S  splitting  [ Eq.  (8)]. 

(E)  Tlrooretical  calcvilation  of  Ref.  23. 
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FIGURE  1 


FIGURE  2 


FIGURE  3 


FIGURE  4 


FIGURE  CAPTIONS 


Energy  level  diagram  of  Cs,  showing  the  three  levels  |(>s)  - |o), 

1 6p) ' •-  | l)  and  |7s>£  1 2)  primarily  responsible  for  self 
defocusing  at  1.064p,.  The  dotted  lines  show  the  position  of  the 
laser  fundamental  at  1.064p  and  its  two-photon  level  at  .532M-. 


Cesium  transmission  vs  pulse  flux  (and  peak  intensity)  for 
linearly  polarized  light  and  atomic  density  0.3?  X 10 1 ' cm  3. 


Spatial  profiles  of  the  pulse  at  the  exit  window  of  the  Cs  cell. 

a.  Oscilloscope  traces  of  phoLodiode  array  measurement  at  low, 
intermediate,  and  high  intensity. 

b.  Comparison  between  theoretical  profiles  (solid  lines)  and 
measured  profiles  (dotted  lines)  at  intermediate  pulse 
energies. 


Effective  nonlinear  refractive  index  n^  vs  atomic  density  N for 
linearly  and  circularly  polarized  light  at  l.©64p. 
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A SINCLE  MODE  Nd:YAG  Q-SWITCHED  OSCILLATOR  WITH  SHORT  BUILDUP  TIME* 


R.  C.  Ecksrdt  and  J.  F.  Relntjea 


Havel  Reaearch  Laboratory 


Washington,  D.  C.  20375 


application  of  tha  trigger  pulse  with  a jfttar  of 
+ 10  nsec. 


A single  longitudinal  end  transverse  mode 
Nd:YAG  lasar  :a  described.  The  unique  feature  of 
this  laser  Is  -ha  rapid  build  up  time  of  the  out* 
put  pulse  vhicl  appears  125  nsec  after  application 
of  either  an  optical  or  electronic  trigger  pulse, 
with  a jitter  of  + 10  nsec.  The  output  le  further 
shuttered  to  a rectangular  pulse  of  from  1 to 
10  nsec  duration.  Single  mode  operation  Is  ob- 
tained with  a two  element  resonant  reflector  and 
a blref rlngant  Lyot  filter  of  calclte.  To  further 
aid  In  frequency  selection,  the  cavity  Q la  not 
completely  spoiled  to  allow  buildup  of  quasi* 
monochromatic  radiation  befora  the  cavity  le 
switched  to  high  Q.  Problems  of  frequency  selec- 
tion and  cavity  stability  are  discussed. 


In  our  application,  the  Q-swltched  pulse  Is 
synchronised  vltb  the  peak  of  a mode-locked  pulse 
train  generated  In  a saparate  lacsr  (3).  In  this 
two  later  system  (Fig.  1.)  the  Q-swltched  laser 
Is  triggered  on  the  leading  adge  of  the  mode-locked 
pulse  trsln,  and  tha  125  nsec  delay  places  tha  Q- 
tvitchad  pulse  coincident  with  the  peak  of  the 
mode-locked  pulse  train.  Laser  triggered  spark 
gaps  art  the  used  to  drive  Pockels  cells  that 
shutter  out  a single  mods- locked  pulse  end  a 
rectangular  sagment  of  tha  Q-swltched  pulse  of  1 
to  10  nsec  duration.  The  two  pulses  ere  syn- 
chronised with  a jitter  of  + .1  nsec.  Single 
mode  operation  of  the  Q-swltched  oscillator  la 
required  to  allow  maximum  amplification  while 
avoiding  damaga  due  to  excessive  Instantaneous 
Intensities  and  to  provide  a well  defined  pulse  for 
lasar  matter  interaction  studies. 


Single  mode  operation  of  high  power  Q-swltched 
lasers  Is  usually  obtained  with  long  buildup  times 
end  many  cavity  transits  which  allow  smell  dif- 
ferences In  reflectivity  of  the  cavity  mirrors  to 
yield  e single  dominant  mode.  Saturable  absorbers 
are  normally  used  for  Q-swltchlng  in  these  lasers 
because  they  provide  the  required  buildup  time 
during  the  relatively  slow  bleaching  process  (1,2). 
Sstursble  absorbers,  however,  have  the  dis- 
advantage of  being  passive  devices  end  cannot  be 
externally  triggered.  Jitter  In  the  appearance  of 
tha  output  pulse  In  such  lasars  are  typically  of 
the  order  of  + 10  paec. 


Tha  single  mode  Q-swltchsd  oscillator  Is  shown 
schematically  In  Fig.  2.  A 3 Inch  long,  1/4  Inch 
diameter,  Brewstar-Bravstar  NdtYAG  laser  rod  Is 
pienpad  with  a linear  flashlamp  In  a single  ellipse 
pump  cavity.  Ths  flashlamp  radiation  has  125  pane 
full  width  at  half  maximum.  Single  pass  gains  of 
15  db  can  be  obtained  In  the  lasar  rod  et  the  full 
pisnp  energy  of  30  J.  The  resonant  cavity  Is 
formed  by  a 4.7  n radius -of -curvature  997.  re- 
flectivity mirror  and  a two  element  resonant  re- 
flector. A circular  aperture  of  .25  cm  diameter 
provides  transverse  mode  selection.  A calclte 
polarising  prism  and  a KD*P  Fockels  call  sre  used 
for  Q-swltchlng.  The  same  prism  is  also  used  with 
a calclte  slab  to  form  a Lyot  flltar. 


In  many  applications  however  a more  rapid 
buildup  tins,  coupled  with  the  ability  to  synchro- 
nize the  output  pulse  to  other  optical  signals. 

Is  desirable.  In  such  cases  Fockels  cell  Q- 
swltchlng  can  give  the  needed  time  reference  for 
synchronization,  but  the  rapid  buildup  time  does 
not  in  general  allow  sufficient  wavelength 
discrimlratlon  for  single  frequency  operation. 

Here  we  discuss  e Fockels  cell  Q-swltched  Nd:YAG 
laser  operated  under  conditions  which  simu- 
ltaneously allow  rapid  pulse  buildup  and  oscilla- 
tion on  a single  longitudinal  mode.  Q-swltchlng  Is 
triggered  elthar  electrically  or  optically.  The 
single  mode  output  pulse  appears  125  nsec  after 


Frequency  selection  Is  provided  by  the 
resonant  reflector  which  provides  discrimination 
agslnst  oscillation  on  adjacent  ceylty  modes  end 
the  Lyot  filter  which  discriminates  against  more 
widely  spaced  modes.  The  rasonant  reflector  con- 
sists of  e flat  457.  dlalectrlc  mirror  and  a 5 cm 
thick  fused  silica  flat  vlth  ends  parallel  to 
3 seconds  of  src.  The  mirror  Is  placed  10.8  cm 
from  the  nearest  surface  of  tha  flat.  Fine  ad- 
justment of  this  spacing  Is  provided  by  a trans- 
lation stage  driven  by  e differential  screw 
micromater  with  a rasolutlon  of  1/8  vavelangth. 

The  resonant  reflector  elements  and  997.  mirror 
are  aligned  lnterferometrlcally  with  e collimated 
He-Ne  laser  (Fig.  2.).  The  calclte  slab  Is  2.1  cm 
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think  and  to  arranged  to  operate  as  » high  order 
retardation  plate  with  its  optic  axil  oriented 
perpendicular  to  the  direction  of  pripegation  and 
at  an  angle  of  45°  to  the  polarization  vector 
transmitted  by  tha  polarizing  prism. 

For  propagation  perpendicular  to  the  optic 
axis,  the  number  of  waves  of  retardetion  is 
N-L(n0-n.)/X  where  L ie  the  length  of  the  crystal, 
na  the  ordinary  index,  ne  the  extraordinary  index, 
and  X is  the  wavelength  in  free  space.  Vith  the 
calcite  crystal  placed  between  parallel  polarizers, 
only  integer  orders  of  retardation  will  be  com- 
pletely transmitted.  In  our  laser  oscillator, 
light  passes  through  the  calcite  twice  before  it 
again  passes  through  the  polarizing  prism;  there- 
fore we  have  an  effective  crystal  length  of  2l. 

The  filter  transmission  for  this  configuration  is 
given  by 

T - cos2  |2aL  (t»0  - n,)/x}  • 

For  a crystal  length  of  2.1  cm  transmission  peake 
are  spaced  by  1.66X10'4  u (Fig.  3.).  One  of  the 
transmission  maxima  of  the  Lyot  filter  is  tuned 
to  the  peek  of  the  Nd:TAG  fluorescence  with  small 
rotations  about  an  axis  parallel  to  the  optic  axis 
by  finding  the  minimum  threshold  for  free  running 
laser  oscillations.  At  the  spectral  position  of 
the  edjecent  maxima  the  single  pass  gain  in  the 
laser  rod  is  reduced  to  approximately  .9  of  its 
peak  value. 

The  calcite  birefringent  filter  offers  adven- 
teges  over  a thin  parallel  resonant  reflector 
element.  The  modulation  of  the  Lyot  filter  is 
complete  with  transmission  going  to  zero  at  each 
minimum.  Also  the  position  of  tha  transmission 
peaks  can  be  tuned  by  a small  rotation  about  the 
optic  axis  or  about  an  axis  perpendicular  to  both 
the  optic  axis  and  the  direction  propagation.  The 
change  in  the  order  of  retardation  for  a double 
pass  through  the  crystal  is  given  by 


AN  - 


where  i is  the  angle  of  rotation.  And  the  inter- 
action of  tha  Lyot  filter  is  independent  of  spac- 
ing, but  with  a resonant  reflector  it  is  necessary 
to  hold  spacing  constant  to  interferometric 
tolerances. 


A simple  two  element  resonant  reflector  is 
required  for  further  frequency  selection.  The 
adjacent  longitudinal  cavity  nodes  for  this  laser 
are  spaced  by  AX  m 6.57  X 10“  u.  This  spacing  is 
much  too  fine  to  be  resolved  by  the  transmission 
bands  of  the  Lyot  filter.  The  reflectivity  of  the 
two  elenent  resonant  reflector  is  given  by 


r2t12  exp(lf))  j 
1-rjTj  exp(i5;  | 


Here  rt  and  t,  are  the  complex  amplitude  re- 
flection and  transmission  coefficients  for  a di- 


electric slab  (41  in  this  case  the  fused  silica 
flat.  The  amplitude  reflection  coefficient  for  the 
mirror  is  rj,  and  9 “ 4jtf/X  where  l is  the  specing 
of  the  mirror  end  flat. 

The  combination  of  5 cm  fused  silica  flat  end 
457,  mirror  heve  peak  raflectivity  of  67%  (Fig.  4.). 
Reflectivity  at  the  adjacent  longitudinal  modes  is 
reduced  to  .91  of  this  value.  The  next  677.  re- 
flection ps&k  is  spaced  by  1.64  X IO'^jj.  Moving 
this  distance  from  the  peak  of  the  Lyot  filter  re- 
duces its  transmission  to  .91  of  that  peak  value. 

In  operation  of  the  laser  it  is  nacessery  to  tune 
e reflection  peak  of  the  resonant  reflector  to 
coincide  with  both  the  maximum  transmission  of  the 
Lyot  filter  and  the  peak  of  the  rod  fluorescence. 

This  is  done  by  translating  the  mirror  until  sat- 
isfactory lassr  operation  is  obtained. 

To  obtain  further  frequency  slection  the  cavity 
Q is  not  completely  spoiled  to  allow  the  buildup 
of  low  level  quasi-monochromatlc  oscillations  be- 
fore Q-switching.  A buildup  time  of  125  nsec  in 
a cavity  of  optical  length  86.2  cm  only  allows 
22  round  trip  transits.  Reduction  in  round  trip 
gain  for  secondary  modes  to  .9  times  that  of  the 
dominant  mode  is  not  eufficient  to  provide  single 
mode  operetion  when  these  modes  of  oscillation 
buildup  from  the  same  initial  intensity  levels. 

Under  that  condition  the  intensity  of  the 
secondary  modes  would  only  be  reduced  to  .9^  “.10 
of  the  intensity  of  the  dominant  mode.  To  obtain 
a low  level  buildup  the  l'ockels  cell  is  operated 
at  a voltage  500  V less  than  the  3500  V quarter 
wave  voltage.  Fleshlamp  energy  is  increased  2 
or  3 J above  the  threshold  for  relaxation 
oscillations  with  constant  unswltched  Pockets  cell 
voltage  (Fig.  5.).  Below  this  pumping  energy 
buildup  time  is  increased  and  the  laser  output 
shows  spiking.  Above  this  energy  the  jitter  in 
buildup  tims  Increases.  The  spiking  character  in 
the  output  is  also  observed  when  the  Pockels 
cell  voltage  is  increased. 

Laser  output  was  monitored  with  e 5 psec 
resolution  streak  camera  and  a .5  nsec  rlsetlme 
photodiode  oscilloscope  combination.  With  proper 
adjustment  of  the  resonant  reflector,  single  mode 
laser  operation  was  obtained  (Fig.  6.).  Single 
mode  operation  would  lest  for  typically  10  shots 
before  readjustment  of  the  resonant  reflector  was 
required.  Single  transverse  mode  operation  was 
obtained  routinely.  Transverse  Intensity  dis- 
tribution was  monitored  with  a 512  element  silicon 
phctrlli-fa  (Fig-  7.).  Gaussian  like  dis- 

tributions of  .19  cn  FWHM  were  observed  at  a 
distance  of  240  cn  from  the  output  mirror. 

It  is  necessary  that  the  resonant  cavity  be 
held  stable  to  interferometric  tolerances  to  main- 
tain the  frequency  selection  characteristics.  The 
laser  was  enclosed  in  a box  open  at  the  ends  to 
shield  from  air  currents  in  the  laboratory  room. 
Even  though  the  laser  was  assembled  on  a large 
atefcl  beam  muz.  tel  or.  as-  etwa  r '>■-**>'*  padaatels  it 
was  necessary  to  move  a water  coolar  across  the 
room  to  avoid  vibration  coupling.  Repetition  rate 
had  to  be  slowed  to  one  shot  in  15  seconds  to 
allow  the  lassr  rod  to  stabilize.  The  laser  is 


126 


(till  susceptible  to  changes  In  temperature  and  air 
pressure..  Thermal  expansion  coefficients  for 
common  alloys  ara  typically  20X10"^  (C0)"*.  To 
hold  tha  length  of  a lm  bench  constant  to  1/4  u 
requires  temper,  turs  stability  of  .0013°C  . Using 
formulas  given  In  the  AIF  Handbook  (5)  It  la 
found  that  1/4  u stability  in  cavity  optical  length 
requires  air  pressure  constant  to  0.7  ran  Hg  and 
air  temperature  constant  to  0.3®C  . A sealed 
temperature  controlled  enclosure  vlth  constant  gas 
density  would  be  required  to  obtain  longsr  tarm 
stability  of  the  single  mods  performance. 

The  short  buildup  time  and  single  mode  char- 
acter of  this  laser  have  proved  useful  in  lasar 
matter  Interaction  studies.  For  example  Inter- 
ferometric studiss  of  tha  time  evolution  of  lasar 
created  plasmas  can  bs  mads  quits  easily  with 
tha  dual  lasar  system  dascribad  above.  In  such 
a situation,  a plasma  Is  ganaratad  from  a 
aultabla  targat  with  a 2.5  naac  sagment  of  the 
Q-swltchad  pulse  amplified  to  an  anargy  of  U. 

The  plasma  Is  probed  from  the  side  with  e single 
picosecond  pulse  from  the  mode  locked  laser 
which  has  bean  frequency  doubled  to  .53  y.  A 
typical  intarfarogrem  obtained  from  e 1 mil  thick 
Kl  target  Is  shown  in  Fig.  ft,  with  tha  picosecond 
pulse  probing  tha  plasma  3 nsec  after  tha  start 
of  tha  Q-swltchad  pulse. 
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Fig.  1.  Synchronisad  lasar  system 
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Fig.  3.  Spectral  fluorescence  of  Nd : YAG  (Top)  and 
transmission  of  Lyot  filter  (bottom). 


Fig.  4.  Spectral  reflectivity  of  resonant  reflector 
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Fig.  5.  Free  running  threshold  of  laser  vs  constant 
Pockels  cell  bias. 


Fig.  6.  Typical  single  node  operation  of  Q- 
suitched  laser. 
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Fig.  7.  Spatial  profile  of  Q-svitched  pulse. 
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Fig.  8.  Inter ferogram  of  laser  produced  plasma 
obtained  with  dual  laser  system. 
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I.  INTRODUCTION 


Having  been  dormant  for  the  first  ten  years  of  laser  research,  the 
development  of  short  wavelength  lasers  emitting  in  the  vacuum  region^ 
at  wavelengths  shorter  than  2000  A has  advanced  rapidly  during  the  last 
five  years.  A number  of  cew  devices  useful  as  both  oscillators  and  amplifiers 
have  been  developed  and  are  finding  early  application  as  diagnostic  probes  for 
materials  studies.  In  addition,  techniques  have  been  developed  for  utilizing 
non-linear  optical  properties  of  materials  to  generate  laser  harmonic  frequencies 
and  to  mix  and  add  together  several  lower  laser  frequencies  to  produce  tun- 
able, coherent  emission  in  the  spectral  region  below  2000  A.  These 
advances  have  produced  the  momentum  for  research  to  develop  still  shorter 
wavelength  x-ray  lasers. 

Perhaps  the  most  important  forerunner  of  the  direct  amplifying,  self- 

contained  lasers  to  be  developed  was  the  molecular  nitrogen  discharge  laser 

of  Heard  [1],  This  laser,  which  emits  at  3371  A from  molecular 

electronic  levels,  spurred  the  development  of  the  fast  pumping  technology 

required  for  shorter  wavelength  lasers,  as  well  as  pointing  out  the  utility 

of  molecular  electronic  levels  for  ultraviolet  (uv)  lasers.  This  laser  has 

been  developed  considerably  by  Leonard  [2],  , Gerry  [3],  , Shipman,  [4],  and 

numerous  others.  It  is  now  one  of  the  most  importsnt  lasers  in  the  near 

uv  and  is  used  extensively  as  an  exciter  for  dye  lasers.  French. reports 

claim  5Q  MW  peak  power  from  such  Ng  lasers  [5],  In  addition,  there  has 

*At  wavelengths  shorter  than  2000  A,  oxygen  and  nitrogen  in  the  atmosphere 
absorb  radiation  strongly  and  vacuum  (or  helium-purged)  paths  must  be  pro- 
vitud  to  propagate  the  radiation. 
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been  success  in  pumping  N2  with  electron  beams  [6],  [7]. 

Earlier  development  of  nitrogen  lasers  led  directly  to  the  realization 
of  the  first  vacuum  ultraviolet  (vuv)  laser  from  molecular  hydrogen.  The 
concept  of  a hydrogen  laser  was  advanced  by  Bazhulin,  Knyazev  and  Petrash  [8] 
in  1965,  but  the  actual  realization  of  the  laser  awaited  application  by  Shipman  [4] 
of  fast  pulsed  technology  to  the  nitrogen  laser.  Using  the  flat  plate  Blumlein 
discharge  system,  both  Hodgson  [9]  and  Waynant  et.  al  [10] , [11]  produced 
lasing  on  the  Lyman  band  (b’t*  - X1^)  of  hydrogen.  Further  work  produced 
laser  emission  from  the  isotopic  molecules,  D2  and  HO,  and  also  from  para-H2 
[12],  [13].  Hodgson  also  was  able  to  produce  stimulated  emission  on  the  fourth 

2 

positive  band  of  CO  (A1!!  - xV")  giving  lines  in  the  1800  - 2000  A region  [14]. 

Continued  development  of  the  Shipman  technology  enabled  Waynant  to 

generate  lasing  on  the  1160  A spectral  region  on  the  Werner  band  transitions 

(C1!!  - X*2+)  from  H„  [15].  Hodgson  and  Dreyfus  switched  to  a high  current 

u g 2 

electron  beam  to  generate  lasing  in  Nj  [6] » in  the  H^  Lyman  band  [16]  and 
also  the  Werner  band  of  Hj  [17].  Considerable  theoretical  [18] - [22]  and 
experimental  [23],  [24]  work  has  been  done  on  the  H2  laser.  In  recent  reviews 
of  the  H2  laser  [25],  [26],  advances  and  limitations  are  detailed  for  both 
atmospheric  pressure  and  repetitively  discharged  operation. 

The  Soviet  scientists  were  also  responsible  for  another  theoretical 
prediction  of  a somewhat  different  vacuum  ultraviolet  laser.  In  1968 
Molchanov,  Poluektov  and  Popov  proposed  that  sjlid  crystals  of  the  rare 

^One  line  reported  in  hydrogen  experiments  at  1600.44  :A  [9],  [13]:  has  not  been  observed 
by  other  investigators  and  may  be  an  impurity  line. 
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gases  could  be  made  to  lase  [27]  . Basov  and  co-workers  conducted  a number 


of  experiments  using  the  liquid  form  of  the  rare  gases,  principally  xenon. 


[ 28 3 - [33 ] and  report  characteristics  consistent  with  stimulated  emission. 


Koehler  and  associates  [34] - [ 35]  used  high  current  electron  beams  and  high 


pressure  gaseous  xenon  to  form  excited  xenon  molecules  (Xep  called  excimers. 
Lasing  was  observed  at  ~ 1720  A from  these  excimers.  Extensive  theoretical 


studies  [36]- [43]  and  considerable  experimental  work  [44] -[53]  has  been  devoted  to 


# * 

xenon,  as  reviewed  by  Rhodes  [54].  Other  excimers,  e.g.,  Kr2  and  Ar^,  have  been 


made  to  lase  in  the  1260  - 1460  k region  [34] ,[35],  [39],  [55]-[57],  These  lasero 


appear  to  have  a large  potential  for  both  high  power  and  high  efficiency. 


A.  Material  Limitations 


1)  Optical  Characteristics:  Besides  the  difficulties  of  achieving  high 


gain  at  short  wavelengths  (which  will  be  explained  in  Section  II),  a major 


impediment  for  vacuum-uv  and  x-ray  lasers  has  been  a lack  of  suitable  materials 


for  both  high  transmission  windows  and  efficient  reflectors  for  resonantors. 


both  of  traditional  high  priority  in  laser  research.  The  field  of  optics  in 


the  vacuum  ultraviolet  has  been  surveyed  and  reviewed  recently  quite  excellently 


by  Hunter  [58]  and  also  previously  by  Tousey  [59]  and  Samson  [60],  Figure  1 


from  [58]  shows  the  temperature  dependence  of  the  short  wavelength  transmission 


limit  of  various  vacuum  ultraviolet  window  materials.  The  cutoff  wavelength 


of  all  materials  drops  with  temperature,  but  no  material  has  a cutoff  below 


1000  A (Li.').  Below  1000  A the  only  possibility  of  building  a Fabry-Perot 


mirrored  cavity  requires  that  a hole  for  output  coupling  be  cut  in  the  mirror. 


To  do  this  would  require  sophisticated  differential  vacuum  pumping  and  gas 


m 


handling. 

For  leflection,  no  material  is  better  than  aluminum  for  wavelengths 
longer  than  1000  A.  In  order  to  use  this  high  reflectance  the  oxide  film 
which  normally  develops  on  its  surface  must  be  prevented.  This  is  done  by 
overcoating  with  magnesium  fluoride  or  lithium  fluoride  films  of  precisely 
controlled  thickness.  Since  the  overcoating  material  cuts  off  at  short  wave- 
lengths, the  reflectance  of  aluminum  cannot  be  U6ed  below  1000  A.  Below 
1000  A no  material  has  very  high  reflectance.  Platinum  is  usually  used,  but 
in  some  wavelength  regions  such  materials  as  iridium,  osmium,  rhenium  and 
tungsten  may  have  higher  reflectance.  The  reflectance  of  these  materials  is 
given  by  Hunter  as  a function  of  wavelength  [58].. 

Already  difficulties  have  been  found  in  using  resonators  with  the  rare 

gas  molecular  lasers.  Aluminum  coatings  are  rapidly  damaged  [45],  [61]  when  used 

as  resonators  for  high  power  xenon  lasers  and  presently  limit  the  output 

2 

intensity  to  about  1 MW/cm  . Intensity  inside  the  resonator  is  several 
times  higher.  The  primary  reason  for  this  limitation  is  the  power  absorbed 
in  the  aluminum.  The  same  interband  levels  responsible  for  absorption  in 
aluminum  are  present  in  other  prospective  reflector  materials.  Multilayer 
dielectric  mirrors  are  a possible  choice,  but  they  are  difficult  to  make,  would 
likely  still  have  considerable  absorption,  and  would  not  be  available  below 

1000  A. 

2)  Crystal  Resonators: 

a)  Bragg  Reflection:  Below  1000  A resonant  cavities  with  high 

reflectance  are  difficult  to  build  for  the  reasons  given  above,  but  at  very 
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short  wavelengths  of  about  10  A or  less  It  becomes  possible  to  use  Bragg  re- 
flection from  the  crystal  planes  of  solids.  Several  papers  have  presented 
possible  x-ray  resonators  which  would  be  suitable  - theoretically  at  least  - 
for  an  x-ray  laser.  The  puckered  ring  design  of  Bond,  Duguay,  and  Rentzepis 
[62]  is  shown  in  Fig.  2.  This  design  allows  the  resonator  to  be  tuned  to 
the  laser  transition.  The  losses  at  each  crystal  reflection  are  less  than  57., 
but  these  losses  multiply  as  crystal  elements  are  added  and  so  does  the  dif- 
ficulty of  alignment.  Single  crystals  with  alignments  carefully  fabricated 
might  be  used  as  resonators.  Such  resonators,  as  proposed  by  Deslattes  [63], 
are  shown  in  Fig.  3.  Cotterill  [64]  proposes  a resonator  built  using  pairs 
of  parallel  crystal  planes  as  shown  in  Fig.  4.  In  this  design  the  polarization 
losses  are  less  than  the  puckered  ring,  but  alignment  is  likely  to  be  possible 
only  if  they  are  cut  from  a single  crystal.  Kolpakov,  et  al.  [65]  consider 
the  proposed  resonators  and  add  the  idea  of  using  a Borrmann  crystal  to  insert 
and  extract  energy  from  the  cavity.  They  also  suggest  that  active  substances, 
presumably  capable  of  stimulated  emission,  might  be  incorporated  in  the 
Borrmann  crystal. 

In  spite  of  the  theoretical  work  done  already  on  x-ray  resonators,  they 
remain  an  extremely  difficult  problem.  To  align  and  use  them  in  an  x-ray 
laser  will  certainly  be  prohibitively  difficult  in  the  early  stages  of  laser 
development . 

b)  Distributed  Feedback:  Some  of  the  problems  of  alignment  at- 

tributed to  the  previously  mentioned  resonators  may  be  eliminated  if  a distributed 
feedback  method,  already  successful  with  dye  lasers  and  semiconductor  lasers  [66]- 
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[ 71 1 In  the  Infrared  and  visible,  can  be  extended  to  the  x-ray  region.  In  these 
devices  the  feedback  mechanism  is  distributed  through  the  lasing  medium. 

Feedback  is  provided  by  Bragg  scattering  from  a periodic  variation  of  the  re- 
fractive index  of  the  gain  medium  or  of  the  gain  itself.  Kogelnik  and  Shank 
[66]  solve  for  the  threshold  conditions  and  give  results  for  the  case  of  large 
gain  factors.  Chinn  and  Kelley  also  analyze  distributed  feedback  lasers  [72], 
Several  distributed  feedback  lasers  have  been  built  using  dyes  [66]- [68] 
and  later  the  principle  was  transferred  to  semiconductor  lasers  [70], [71]. 
Because  of  the  extremely  difficult  problem  of  x-ray  resonators,  distributed 
feedback  has  been  suggested  as  an  alternative  [ 73] - [ 75] . Fisher  [73]  gives 
numerous  crystals  that  have  the  proper  lattice  spacing  to  satisfy  the  re- 
quirements for  distributed  feedback  for  oxygen  Ka  emission.  In  addition, 
the  statement  is  made  that  standing  waves  may  arise  to  avoid  highly  absorbing 
atoms  present  in  the  crystal.  This  is  an  interesting  possibility  which 
further  suggests  that  traveling-waves  might  experience  alternating  sites  of 
attenuation  and  amplification,  contradicting  the  thought  that  traveling -wave 
excitation  (See  Sect  ion  IV.^  would  be  necessary  in  order  to  overcome  the  short 
gain  lengths  dictated  by  the  short  excited-state  lifetime  of  x-ray  transitions. 
The  pumping  requirements  remain  difficult  to  meet  even  if  distributed  feedback 
can  be  employed.  In  addition,  the  large  power  densities  required  for  pumping 
x-ray  lasers  may  cause  expansion,  distortion,  or  even  destruction  of  the 
periodic  structure.  Careful  integration  of  pumping  techniques  and  resonant 
structure  design  will  be  necessary  to  achieve  a workable  short  wavelength 
laser  employing  distributed  feedback. 
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B.  Amplified  Spontaneous  Emission 

The  now-traditional  idea  of  a laser  consisting  of  an  active  medium  pumped 
in  some  manner  to  produce  an  inverted  population  between  two  states,  and 
inserted  between  mirrors  which  form  an  optical  resonant  cavity,  was  formulated 
by  Schawlow  and  Townes  [76]  and  reinforced  by  early  successful  lasers.  The 
discovery  [77]  of  intense  emission  from  systems  without  optical  cavities 
(of  immense  importance  for  lasers  operated  in  the  "vacuum"  region)  at  first 
led  to  considerable  semantic  confusion  which  developed  in  conjunction  with  the 
term  "superradiance"  coined  by  Dicke  [78],  [79]  in  a hypothesis  concerning 
the  addition  of  the  spontaneous  emission  from  quantum  radiators  excited  in  a 
coherent  fashion.  This  confusion  was  partially  side-stepped  by  substitution 
of  the  term 'feuperf luorescencd1  which  more  nearly  associated  the  enhanced  emission 
with  directed  fluorescence.  Fortunately,  these  semantic  difficulties  were 
cleared  up  by  Allen  and  Peters  [80]  who  went  on  to  present  a series  of  papers 
[ 81]  — [ 85]  to  clarify  and  make  respectable  the  high  gain  mirrorless  systems  which 
they  appropriately  termed  amplified  spontaneous  emission  (ASE)  systems.  Since 
ASE  systems  will  be  of  major  importance  in  vacuum  ultraviolet  and  x-ray  lasers, 
it  is  appropriate  to  treat  them  ih  some. detail. 

1)  Threshold;  By  following  the  arguments  of  Peters  and  Allen  [81], 
using  nomenclature  [86]  to  be  used  extensively  in  Section  II  and  in  the  three-level 
model  in  Fig.  5,  a threshold  condition  can  be  derived  starting  with  basic  principles. 
Consider  a pumped  ensemble  of  excited  radiators  of  length,  L,  cross  sectional 
area,,  a,  and  inversion  density,  AN  s [^  - (g^g,)  N3],for  statistical  weights 
g£  and  g^.  A quantity  of  photons  n of  frequency  v passing  through  the  cross 
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sectional  area  will  induce  noAN/a  atoms  per  unit  volume  per  second  to  emit  at 
that  location.  The  resonance  induced  emission  cross  section  is  denoted  by 
a.  But  an/a  = Bp(v),  where 


8ithv“ 


1_ 
T _ 


(1) 


is  the  Einstein  coefficient,  and 


p(v) 


nhv 


acAv„ 


(2) 


is  the  radiation  density.  Here  Av^  is  the  width  of  the  Doppler  broadened 


-1 


transition  and  t ^ + ^2n^  *-p  t'ie  natura^  lifetime  of  state  2. 

Solving  for  a we  obtain 


8*v  A 2 


(3) 


The  equation  for  the  rate  of  change  of  the  number  of  photons,  fin,  due 
to  stimulated  emission  in  the  volume,  La,  in  time,  fit,  is  given  by 


fin 


Lnonfit  . 


(4) 


If  the  threshold  condition  for  ASE  is  defined  as  the  condition  when  a 
spontaneously  emitted  photon  at  one  end  of  the  column  (x=0)  just  induces  another 
photon  at  the  other  end  (x  = L) , then  nfit  = 1 and  fin  = 1 in  equation  (4). 
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This  yields  the 


relation  for  the  critical  inversion  density  to  reach 


threshold  [equivalent  to  unity  gain  coefficient  see  also  equation  (7)1 


8*%T2 

2 

L X * 


where  0 is  the  branch!  lg  ratio,  i.e.  R23^ 'R2n+R23^  ~ T2^T23* ' Alternatively  > for 
a given  inversion  density  equation  (5)  will  give  the  critical  length  Lc  required 

to  reach  threshold, 


8«Avdt2 


Allen  and  Peters  verify  their  theoretical  results  by  comparison  with 
a series  of  experiments  which  they  carry  out  and  with  the  data  of  others. 

In  a later  paper  [82]  they  connect  their  theory  with  the  semi-classical  laser 
theory  of  Stenholm  and  Lamb  [87].  The  relationship  between  the  critical 
length  Lc>  f or  ASE  and  the  minimum  length,  Lj,,  of  active  discharge  at  which 
mirrored  laser  action  takes  place  Is  l^/l^  = 0.716^,  where  6^  is  the  fractional 
loss  per  pass  in  the  laser  resonator.  To  test  this  experimentally  the  3.39  jjm 
transition  in  He-Ne  was  used,  since  It  would  operate  both  as  a laser  and  a 
source  of  ASE  [82].  A 125  cm  long  He-Ne  discharge  tube  wt-  placed  between 
3m  radius  of  curvature  concave  mirrors  with  mean  reflectance,  R = 0.98.  The 
gas  was . uniformly  excited  and  it  was  possible  to  very  the  length  by  removing 
or  adding  rf  electrodes.  Figure  6 shows  the  resulting  variation  of  output 
intensity  with  length  for  both  modes  of  operation,  and  particularly 
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demonstrates  the  threshold  for  ASE. 

2)  density  and  Saturation:  The  success  of  this  approach  served  to 

spur  further  investigation  by  Allen  and  Peters  [82]  who  solved  rate  equations 
the  populations  0f  two  levels  (from  a reservoir  level),  and  the  photon 
transport.  Care  was  taken  to  include  only  the  radiation  that  fell  into  the 
position-dependent  solid  angle.  The  solutions  of  the  rate  equations  were 
used  for  predicting  the  intensity  as  a function  of  length  for  a constant 

inversion  density  and  to  fit  the  3371  A data  of  Leonard  [ 2 ] for  ^ as  a test 
case. 

3)  gggff.  Spence  and  Spatlal  Cohere-  The  general  impression  of 
ASE  beam  divergence  is  that  it  is  controlled  by  the  geometry  of  the  gain 
region  and  would  be  simply  d/L  or  possiblyrd/(L-L.) . . Peters  and  Allen 
point  out  [84],  [85]  that  each  contribution  must,  however,  be  weighted  by  the 
amount  of  amplification  path  through  which  it  passes.  When  numerical  methods 
are  used  to  weight  each  element  geometrically,  the  theory  fits  the  divergence  data 
very  well.  The  results  show  quite  convincingly  that  the  simple  d/L  ratio  is 
not  correct  and  that  the  "ASE-geometric  theory"  of  Allen  and  Peters  is  necessary. 

On  the  question  of  spatial  coherence,  Allen  and  Peters  offer  the  experi- 
mental measurements  of  fringe  visibility  versus  length.  The  measurements 

were  made  using  the  6140  A pulsed  neon  laser  line  and  show  that  the  coherence 
increases  with  gain  length. 

4)  -sJect:ral  Distribution:  The  spectral  distribution  (line-width)  in 
ASE  systems  has  been  somewhat  confusing.  Early  predictions  produced  a dependency 
that  goes  as  Av/AvD  - l/(oL)*,  i.e.,  enhanced  narrowing  at  high  gain.  Allen 
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and  Peters  have  developed  a theory  In  which  the  linewidth  is  a rather  complicated 
function  of  length  [84],  They  contrast  their  results  with  those  of  Yariv  and 
Leite  [88]  for  He-Ne  and  Ng  lasers  as  shown  in  Fig.  7.  The  theory  predicts 
a sharp  dip  in  Av  just  above  followed  by  additional  broadening  as  length  is 
increased.  The  minimum  shown  is  due  to  competition  between  narrowing  associated 
with  increasing  gain  and  broadening  accompanying  an  increased  range  of  fre- 
quencies. The  existence  of  such  a sharp  minimum  could  be  used  as  an  indicator 
of  stimulated  emission.  As  yet  no  definitive  measurements  have  been  made  to 
resolve  the  details  of  the  theoretical  predictions  of  Allen  and  Peters. 

It  is  also  important  to  realize  that  there  are  limits  to  the  application 
of  the  present  ASE  theory  to  likely  x-ray  and  vacuum  ultraviolet  lasers.  These 
devices  may  be  pulsed  systems  employing  traveling- wave  excitation.  Also,  the 
coupling  of  ASE  amplifiers  with  a coherent  beam  produced,  for  example,  by 
nonlinear  mixing  with  harmonic  frequencies  may  introduce  new  problems  [89].  As 
yet  the  theory  of  ASL  has  not  been  extended  to  cover  these  cases.  In  addition, 
further  information  may  be  obtained  from  more  formal  and  rigorous  theoretical 
techniques  such  as  the  semi-classical  laser  theory  of  Lamb  [90].  It  appears 
that  this  work  Is  in  progress  by  Lamb  [91]  and  by  Hopf  [92]. 
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II.  BASIC  PHYSICS  PROBLEMS 

Besides  the  materials  problems  described  above,  the  basic  physical 
considerations  pertinent  to  all  the  general  schemes  and  the  specific  models 
tend  to  demand  the  very  most  that  the  current  state-of-the-art  can  attain  in 
pump  power.  To  produce  gain,  high  inversion  densities  are  called-for  and, 
for  most  models,  very  rapidly-rising  pump  pulses  are  required  to  achieve 
inversion  and  gain  prior  to  equilibration.  These  problems  will  be  analyzed 
in  this  section  in  a rather  general  and  scalable  fashion,  with  several  examples 
from  recently  suggested  schemes. 

A.  Wavelength  Dependence  of  Gain 

Continuing  from  Eqs.  (3)-(6),  the  net  gain  achieved  in  a single  pass  through 

medium  of  length,  L, is  given  by  exp(cvL),  with  the  small-signal  gain  coefficient, 

3 

o,  defined  by 


or  = aAN23 


8jtAv 


§ AN, 


23' 


(?) 


where  the  subscripts  again  refer  to  the  three  state  system  shown  in  Fig.  5 with 
pumping  from  energy  state  1 to  2 and  lasing  from  2 to  3,  at  rates  R^2»  ^23’ 
etc.,  using  nomenclature  consistent  with  reference  [86] - These  "states"  are 
not  restricted  to  one  atom  or  ion,  i.e.,  transition  1 to  2 could  be  by  ionization 
or  recombination,  for  example,,  providing  replenishment  of  state  1 is  present 
as  indicated  by  R^.  The  parameters  X,  Av,  and  A^  are  the  wavelength  [93],  line 

width  in  freouency  units,  and  transition  probability,  respectively.  The 

- 

JA  numerical  factor  of  1/4 n is  sometimes  used  instead  of  l/8it;  the  factor- 
of-it/2  difference  is  small. 
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factor  5 varies  from  unity  for  a Lorentzian  line  profile  to  (jtln2)  for  a 

4 

Gaussian-shaped  Doppler  broadened  line.  The  net  Inversion  density  , ANjj,  is 

again  [N2  - with  gj  and  g3  the  respective  statistical  weights,  and 

is  approximated  by  N2  when  a large  inversion  is  achieved.  The  product 
2 

X A23  =»  0.67(g3/g2)  f^2  numerically  [95],  where  f^2  is  the  absorption  oscillator 
strength.  This  relation  removes  the  explicit  wavelength  dependence  in 
equation  (7),  since  f^2  is  nearly  constant  along  isoelectronic  sequences  (and 
approaches  unity  for  intense  lines).  However,  the  wavelength  enters  implicitly 
in  the  inversion  density  (Section  ILB)  and  also  in  the  expression  chosen  for 
the  line  width  Av«=(v/X)AX  or  = (c/X^)  AX. 

Estimations  of  the  line  width, AX,  as  a function  of  wavelength  are  sum- 
marized in  Fig.  8,  reproduced  from  [96]  where  the  appropriate  equations  and 
detailed  references  are  given.  A Lyman-«  model  is  used.  The  Doppler  width, 

AXp,  is  dependent  upon  the  particle  thermal  velocity  and  is  associated  with  a kinetic 
temperature  of  AT  = hc/4X  (plasma  model).  The  natural  width, AX^, includes 
both  radiative  and  Auger  decay.  A reduction  associated  with  Auger  decay  for 
outer-electron  stripping  is  Indicated  for  neon  ions.  The  limits  for: 

1-  and  2-electron  ions  are  shown,  although  these  limits  are  orobably  not 
realistically  reached  compared  to  i. •«  Doppler  broadening  present  when  such  ions 
are  created  at  high  temperatures.  The  importance  of  Stark  broadening  [97] 
due  to  charged  particles  increases  rapidly  with  density  for  a specific  wave- 
length, as  indicated.  In  addition  to  producing  a decline  in  £ain  at  high 
densities,  the  onset  of  significant  Stark  broaddning  is  associated  with  an 
approach  of  collisionai  (statistical)  equilibrium  without  population  inversion, 
as  discussed  in  Section  ILB.  Fortunately,  significant  gain  can  be  anticipated 

Sphere  is  one  suggestion  for  lasing  without  population  inversion  [94],  based 
on  Dopplet  recoil  line  shifts. 


143 


at  densities  below  the  Stark  regions  with  the  choice  of  efficient  pumping 
schemes.  However,  it  is  difficult  to  conceive  of  reducing  the  linewidth 
significantly  below  the  Doppler  value,  Av^  « v/X  , where  v is  the  mean  particle 
velocity. 

The  inversion  density,  AN23  < N,,,  in  (7)  must  be  maintained  against  a 
depopulation  rate  for  level  2 at  least  as  great  as  A23,  i.e.,  Nj  ^ ^1^12^23^’ 
where  R^2  is  the  pumping  rate,  and  again  a X . Thus,  from  these  general 
arguments  it  can  be  seen  that  the  gain  factor  depends  on  a number  of  parameters, 
but  scales  approximately  as  X^.  This  will  be  restated  from  the  pump  require- 
ment viewpoint  in  the  following  section,  where  it  is  seen  that  pump  power  density 

-4 

scales  more  strongly  with  wavelength,  approximately  as  X 
B.  Pumping  Requirements 

From  the  arguments  of  the  previous  section,  the  high-inversion  gain 
formula  for  Doppler  broadened  lines  may  be  approximated  for  non-cavity  operation 
by 

cv  < /7l ST  0.67  f32(g3/e2)  X N %,  (8) 

4ji  v1 

where  AvD  is  replaced  by  (v^/X)  with  v^  the  mean  velocity  for  the  amplifying 
particles  and  T|2  « R12M23,  the  maximum  (R2n  = 0)  degree  of  pumping  for  level 
2.  Recalling  that  the  inversion  factor  (l-gj^/gs^)  in  the  gain  formula  was 
assumed  to  be  unity,  it  is  worth  noting  that  high  inversion  ratios  N2/N3  are 
possible  and  observable  [98 1,  C99 1 independent  of  the  absolute  values  of 
density,  N^,  degree  of  pumping  T)2,  and  gain.  In  fact,  preliminary  experiments 
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towards  development  of  population  Inversion  are  sometimes  better  performed 


under  optically  thin  conditions  at  lower  densities. 


On  the  other  hand,  the  significant  gain  ultimately  sought  at  short  wave- 


lengths must  be  accompanied  by  high  densities,  N^> and/or  large  fractional 
pumping,  1).  This  is  conveniently  illustrated  with  equation  (8)  for  the  case  of 


a laser-produced  plasma  medium,  chosen  since  at  present  lasers  offer  the  highest 


available  concentration  of  pump  power.  Taking  oL=5  as  desirable  (unity  at 
. . ...  e I 6 - _ _ 7 , - 


5 6 7 

"threshold"  for  ASE  ),  L=1  cm,  ^ = 10  cm/sec  and  f32(g3/g2)  « 0.5  for  a 


strong  line, 


X Tl2  > 101 


results  for  X in  A and  in  cm  Thus  a 1%  inversion  at  1 A requires  a 


20  -3 

density  of  ^10  cm  . This  argument  involves  a rather  arbitrary  value 


for  the  degree  of  inversion  and  does  not  indicate  specific  pump  requirements  to 


achieve  a high  inversion  density,  AN23,  at  a particular  wavelength.  By  replacing 


Nj  Tl2  by  NjR^/Ajg  in  the  gain  formula  and  defining  p12  s and  3 p12(hc/Xp) 

as  the  volumetric  pump  rate  and  pump  power,  respectively,  may  be  rewritten  as 


«D  * S'«ivtL  X_  p 

v. 


1-r  with  r the  reflectivity,  where  reflecting  cavities  exist. 


g 

Corresponds  to  sustained  inversion  for  30  ps,  or  self-terminating  lasing  at 
X > 300  A.  Shorter  wavelengths  require  reduced  lengths  or  traveling-wave 
synchronized  pumping. 


• • 


and  for  the  pump  wavelength  X^  « X/10, 


O'p  ^ •/ it£n2  X P^2> 
40rt1 2hc 


-3  -4 

These  relations  demonstrate  the  strong  X and  X wavelength  dependence  of 
the  volumetric  pumping  parameters  for  a fixed  gain  coefficient;  ov  D-0C8 . 

U 

With  ot-Q-5  and  v=10  cm/sec  again,  minimum  values  of  p^2  and  are  calculated 

and  tabulated  In  Table  1 for  several  wave lengths . Note  that  a closely  related 

2 

parameter  of  Importance  Is  the  pump  lrradlance,  P^L  (W/cm  ),  which  Is  fixed 
by  the  gain  product;  aL,  and  equivalent  to  P^  In  Table  I for  a laser-produced 
plasma  length  L=1  cm. 


TABLE  I 

Volumetric  Pumping  Requirements 


X [A] : 

1 

10 

100 

1000 

2000 

r "3  -1, 

p12  Ic™  -sec  ] 

io33 

io30 

io27 

io24 

io23 

P12  [W-cnf3] 

io19 

io15 

io11 

io7 

io6 

1)  Wavelength  Scaling:  The  volumetric  reaction  rate,  p^2>  can  be  expressed 

as  Np  (dpVp)  where  the  subscript  p denotes  the  pumping  particle  (or  photon), 
a , the  reaction  cross  section,  and  (a  v ),  the  rate  coefficient,  averaged 

p p p 

statistically  over  the  distribution  of  velocltles> v^.  Estimates  of  the 
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magnitude  of  reaction  rates  for  some  rather  general  pumping  schemes  scaled  with 
wavelength  are  listed  in  Table  II  (collisional  ionization  is  omitted,  as  it 
favors  cuter  electron  removal). 


TABLE  II 


PROCESS 


Pumping  Rate  Coefficient  Magnitudes  Scaled 


(a  v ) (cm  sec  ) 


Wavelength  X in  Angstrom  units 

b 21  -3 

Electron  density  N = N = j.0 
e p 

"11 

CMust  exceed  radiative  recombination  [103]  for  which  (a  v ) ~ 10'  X ; 
i.e.,  X 15  A. 

d v = 107  cm/sec,  a = lO-16  z2,  z the  net  ion  charge 
P 

e y « 108  ctn/sec , o *=  10_l6  z2  , z the  net  ion  charge 


— * 7Z 


T 


The  rates  shovm  are  derived  from  relations  in  the  indicated  references.  For 


photoionization,  a peak  cross  section  “Z  2 was  assumed  (Z  the  nuclear  charge), 


multiplied  by  c,  and  divided  by  100  for  ~ 1%  absorption  in  the  pumping  band. 
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For  dielectronic  capture,  an  autoionization  (Auger)  rate  of  10  sec  was 


used  in  the  detailed  balancing  formulism.  In  addition,  various  approximations 
were  necessary  in  relating  the  rate  coefficients  solely  to  wavelength,  with 
the  emphasis  on  short  wavelengths  and  a plasma  medium.  Specifically,  the  laser 
wavelength  was  taken  as  X = 1216/z2  in  Angstrom  units  from  Lyman-o  scaling, 
where  z is  the  ion  charge.  The  ionization  potential  was  assumed  to  be  1.3 
times  the  excitation  energy,  with  the  latter  taken  to  be  3 times  the  plasma 
electron  temperature  and  also  related  to  wavelength  directly  by  hc/X . 

Returning  to  Table  II,  it  is  first  noted  that  most  rate  coefficients 
tend  to  scale  downward  with  shorter  wavelength,  which  is  detrimental  for 


achieving  high  gain;  only  the  resonance  charge  transfer  process  scales  in 
an  advantageous  manner,  A geometric -mean  particle  density,  (N^N^)  , can  be 
derived  for  each  of  these  schemes,  using  equation  (10)  and  assuming  a=5  cm 


*7  A 

and  v^=10  cm/sec  for  plasmas,  10  cm/sec  for  ion  beams,  and  c for  relativistic- 


electron  and  photon  beams.  This  parameter,  plotted  in  Fig.  9 is  particularly 
meaningful  for  plasma  pumping  schemes,  and  the  reliability  of  the  order  of 
magnitude  estimates  in  Table  II  is  improved  by  the  0.5  power.  From  Fig.  9 
it  is  seen  that  the  density  requirements  are  comparable  between  pumping  schemes 
in  the  vacuum-uv  (X  > 100  A)  within  an  order-of-magnitude.  Electron-collisional 
excitation  is  somewhat  favored  and  the  magnitude  at  1000  A agrees  with  the  Hg 
discharge  laser  conditions  [ 11];  thus  the  interest  in  extending  proven  electron 
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collisionally  excited  ultraviolet  ion  laser  transitions  into  the  vacuum-uv 
region  fiosJ*  The  resonance  charge  transfer  process  with  its  anticipated 
(Section  III)  large  cross  section  appears  most  favorable  for  extrapolation  to 
the  x-ray  region.  It  requires  reasonable  densities  and  gives  a wide  latitude 


for  increasing  the  gain  coefficient  and  reducing  high  density  absorption. 


Collisional  recombination  excitation  processes  limit  laser  wavelengths  to 


> 15  k for  Nfi  - 1021  cm"3.  This  particular  limit  is  found  by  requiring  the 


collisional  recombination  rate  coefficient  (~10  X3^)  to  exceed  the  rate 


-11  -% 

coefficient  for  radiative  recombination  into  lower  states  (~  10  X ) 


(See  Table  II).  This  wavelength  limit  also  happens  to  correspond  to  the 
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assumed  density  of  10  cm  , which  is  an  upper  limit  for  present  laser- 


produced  plasmas. 


Also  indicated  in  Fig.  9 is  the  region  in  which  plasma  Stark-effect 


line  broadening  becomes  important.  Since  Stark  widths  scale  approximately 


as  charged  particle  density  in  plasmas,  the  gain  factor  in  the  Stark  region 
will  tend  to  scale  with  N,  instead  of  N N . Approaching  the  region  of  Stark 

1 1 p 

broadening  importance  also  implies  increased  collisional  effects  on  the  lasing 


levels.  Indeed,  a check  of  several  promising  schemes  indicates  that  the 
dominance  of  Stark  broadening  is  correlated  with  an  approach  to  collisional 


equilibrium  with  non-inverted  statistical  population  distributions  [106], 

Thus,  densities  significantly  exceeding  the  "Stark  line"  in  Fig.  9 would  not 
be  particularly  advantageous  for  achieving  high  gain,  and  the  higher-density 
approaches  depicted  (e.g.,  collisional  recombination)  are  the  most  limited. 

2)  Pump  Power  Limitations:  The  estimates  plotted  m Fig.  9 are  continued 


(except  for  collisional  recombination)  to  short  wavelengths  and  to  densities 
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exceeding  those  expected  from  present  laser-produced  plasmas  (~  10  cm 

[ 1C7] , [ 108] ) > in  anticipation  of  eventual  inertial  compression  as  planned  for 

laser-pellet  fusion.  Such  compression  would  also  aid  in  meeting  the  volumetric 

pump  power  requirements  indicated  above.  The  dashed  portions  of  the  lines  in 

Fig.  9 indicate  those  regions  where  present  technology  cannot  meet  the  density 

requirements.  If,  for  example,  even  10  percent  of  the  power  from  a 1 TW 

-3  3 

laser  could  be  utilized  for  pumping  in  a volume  of  10  cm  (1  cm  length, 

14  3 

400  /jm  diameter),  the  power  density  of  10  W/cm  would  place  a lower  limit 

of  about  ~13  A on  the  achievable  wavelength. 

Vacuum  spark  discharges  are  known  to  produce  very  hot,  dense  plasmas 

15  3 

in  small  regions  [109].  Such  discharges  may  radiate  as  much  as  10  w/cm 

of  x-rays  in  a 100  pm  spherical  plasma  [110]  where  a gain  factor  of 

cv=500  cm  ^ is  required  due  to  the  small  dimension.  Significant  amplification 

according  to  Fig.  9 would  only  occur  at  wavelengths  longer  than  700  A,  and 
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with  the  high  densities  (~  10  cm  ) typical  for  such  a device,  collisional 

' 

domination  without  inversion  is  likely  at  such  long  wavelengths.  Thus,  this 
relatively  simple  and  convenient  source  may  be  more  useful  for  determining 


promising  population  inversion  methods  at  low  gain,  short  wavelength,  and  under 
optically  thin  conditions,  for  application  to  extended  laser-heated  plasmas 
of  similar  environment. 


Electron  beams  of  power  comparable  to  lasers  exist  at  present;  however, 
the  focusing  volume  achievable  so  far  would  be  approximately  300  times  larger  [111] 
(for  a cylindrical  geometry)  so  that  a short  wavelength  limit  of  ~ 50  A is 
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expected  for  this  mode  of  pumping  with  present  technology,  as  indicated  in 
Fig.  9. 

2)  Additional  Considerations: 

a)  Reduced  Gain  Factor:  High  density  limitations  can  be  reduced 

with  a lower  gain  coefficient,  o',  providing  the  net  gain  determined  by  exp(oL) 

for  a specified  degree  of  amplification  is  maintained  through  a correspondingly 

increased  length, L, and  eventually  traveling-wave  pumping  for  short  wavelength 

and  self-terminating  transitions,^  (An  exception  to  this  reduced  density  option 

is  the  collisinal  recombination  scheme  where  the  high  electron  densities  are 

also  required  to  overcome  competitive  radiative  recombination  into  lower 

levels.)  Here  the  pump  irradiance,  N^P^L, remains  the  same  and  must  be  distributed 

over  a larger  volume,  which  could  present  a technical  problem  for  laser  pumping 

schemes.  However,  other  extended  pumping  sources  have  been  suggested,  such 

as  traveling -wave  transverse  electron  beams  (Section  IV)  and  swept  ion  beams. 

For  example,  by  the  scaling  in  Fig.  9,  as  well  as  from  (10),  cv=0.1  can  be 

achieved  at  a wavelength  of  300  A with  (N,N  )*  ~ 1016  cm"3  obtained  in  a near- 

1 p 

solid  target  of  density  = 1022  cm"3  and  Np  ■=  1010  cm"3.  The  latter  may  be 
obtained  from  a swept  25  keV,  20  mA  ion 

beam  focused  to  a 0.2  cm  radius  in  a resonance  charge  transfer  reaction  (see 
Section  III.B).  Equation  (11)  restricts  the  volume  for  a beam  of  this  power 
such  that  a maximum  depth  of  the  order  of  10  /isn  must  be  maintained.  While 
beam  currents  in  the  hundreds  of  mA  are  suggested  [ 112),  state-of-the-art 
ion-beam  technology  appears  to  limit  this  approach  to  the  hundreds-of- 
Angstrom  region. 


b)  Competitive  Decay  from  State  2:  So  far  it  has  been  assumed  that 

the  upper  laser  state  (designated  2 in  Fig.  5)  decays  only  through  the  laser 


transition  to  state  3,  i.e.,  alternate  decay  rates  R2n  are  much  less  than 

With  this  assumption,  the  pump  requirements  are  independent  of  line  strength 

(i.e.,  weak  lines  are  accompanied  by  an  increased  pump-state  density)  and  a 

number  of  other,  often  weak,  transitions  appear  to  be  attractive  candidates 

for  lasing  at  short  wavelengths.  With  R2n  included,  the  degree  of  pumping, 

T)2,  in  (7)  becomes  R12^*'A23+R2n^  and  tlle  volumetric  Piping  parameters,  pl2 

k 

and  P^2»as  we^  as  t^le  incan  density,  (N^N^)  , scale  up  by  the  ratio 

(A23+R2n)/A23,  where  the  line  strength  again  enters  through  A23  for  R2n  large. 

One  class  of  schemes  for  which  R„  can  be  important  is  when  alternate 

Zn 

spontaneous  decay  occurs  in  an  isolated  atom  or  ion.  An  example  is  an  inner- 
shell  lasing  transition  (Section  III)  for  which  autoionization  (Auger)  decay 
is  also  possible,  and  highly  probable  for  low-Z  elements.  Another  example 
would  be  second-order  double  electron  transitions,  where  ope  electron 
decays  in  a radiative  transition  and  another  changes  state  so  that  a shifted 
line  occurs,  with  reduced  reabsorption.  In  this  case  R2^  represents  the 
"normal"  decay  mode  with  a rate  much  higher  (typically  ~ 100  times)  than  A^. 

Another  class  of  schemes  applies  when  R2n  is  a collisional-depopulation  rate. 
Again,  collisional  depopulation  is  expected  to  be  generally  important  in  the 
high  density  "Stark  region"  indicated  in  Fig.  9,  where  R2n  represents  transitions 
between  states  2 and  3.  Collisional  depopulation  to  other  bound  states,  with 
rapid  decay,  or  to  other  ionic  species  through  ionization  or  recombination 
can  also  be  important  starting  at  lower  densities,  particularly  for  weak 
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lines  and  those  originating  on  metastable  upper  states  (see  below).  Obviously, 
each  case  must  be  treated  independently,  and  knowledge  of  rates  for  many 
important  collisional  transitions  is  either  very  limited  or  non-existent. 

C.  Duration  of  the  Inversion 

1)  Transient  to  CW  Extremes:  Using  the  nomenclature  in  Fig.  5,  a 

population  inversion  can  be  maintained  between  energy  states  2 and  3 as  long 

as  the  rate  R^  of  depletion  of  state  3 to  some  other  state  m exceeds  the 

rate  R23  at  which  it  is  filled,  with  adequate  m->  1 replenishment  of  the  initial 

state  1.  However,  if  R,  =0  (e.g.,  with  3 a ground  state),  population  inversion 

Jra 

ceases  in  an  equilibration  interval.  These  extremes  and  the  intermediates 
have  been  deduced  analytically  [86  ] for  this  three-state  model  for  a pump 
pulse  with  both  a short  risetime  t « tT2  = (R23  + R2n^  1»  the  llfet*.me 
of  state  2],  as  well  as  for  a linear-ramp  rising  pump  pulse,  i.e.,  R12  = R^t. 

With  the  inversion  density  in  (7)  written  with  a separate  factor  T.(t) , i.e., 

AN23  « N1TR12/(R23  + R2n)  - Nt  R,2  t2  T , (12) 

the  time  dependence  of  the  inversion  density  is  calculated  and  the  results 
are  shown  in  Fig.  10  versus  t/T2  for  the  fast  rising  pump  pulse  case.  Positive 
T implies  gain,  negative  values  imply  net  loss.  The  parameter  GsS2R23^g3^R2n+R23^ 
is  a modified  statistical  weight  ratio.  For  R2n  small,  and  g2=g3>  G » 1 and  the 
inversion  tim^  t^  w T23»  inversion  ceases  in  about  the  radiative  lifetime 

of  the  upper  laser  level,  as  expected.  A selection  of  g7  > g2  states  could 
extend  this  time  somewhat  and  also  raise  the  degree  of  inversion.  However, 
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decreasing  G by  increasing  R2n  does  not  extend  the  inversion  time  appreciably, 
since  t2  decreases  proportionally.  An  equivalent  parameter  1 (T^/t)  for  the 
linear-ramp  pumping  case  yields  similar  results.  These  = 0 examples  re- 
present the  self-terminating  mode  of  pre-equilibrium  population  inversion. 

Included  in  Fig.  10  is  the  G=0  limit  which  is  also  equivalent  to  the 
case  when  R,  becomes  very  large,  i.e-,  the  continuous  inversion  cw-mode. 

Here  the  time  dependent  factor, T(t),  becomes  unity  and  the  inversion  density 
is  given  by  Niri2t2»  t*ie  coronal-equilibrium  value.  With  high  inversion, 

AN23  approaches  N2  and  AN^/^  « R12t2  s T\  gives  the  fractional  pumping  for 
the  laser  medium  (Section  II. B) . This  cw-mode  obviously  is  the  most  desirable 
situation.  An  intermediate  mode  of  operation  is  for  R^  T2  to  be  finite  with 
values  greater  or  less  than  unity  corresponding  to  sustained  or  terminated 
gain,  respectively.  The  time  dependent  factor  for  the  fast  rising  pump 
pulse  case  is  plotted  for  G = 1 in  Fig. 11  and  illustrates  the  approaches  to 
partial  equilibrium  inversion  densities  for  the  intermediate  cases. 

Such  curves  can  be  used  to  determine  the  approximate  inversion  densities 
(see  Section  m.C,  for  example). 

The  detailed  analytical  formulas  leading  to  these  graphs  can  be  found 
in  reference  [ 86  ] . They  are  necessarily  approximate,  but  of  general  usefulness 
for  preliminary  analyses.  Numerical  modeling,  for  specific  pump  modes  and  atomic 
models  is  essential,  particularly  for  the  quasi-cw  schemes  where  the  replenish- 
ment rates  could  not  be  included  in  the  analytical  model.  Such  requirements 
for  replenishment  can  include  both  the  internal  pumping  parti.-le  (e.g.,  an  energetic 
plasma  electrons  or  a photon)  as  well  as  the  amplifying  particle.  As, 
an  example  of  the  latter,  the  Ko  quasi-cw  scheme  discussed  in  Section  III.C 
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generates  additional  ionization  and  a sufficient  recombination  rate  is  required 
to  sustain  the  inversion  density. 

2)  Me ta stab  la  States:  The  use  of  metastable  states  as  upper  laser 

states  with  extended  lifetime  t ^ has  been  suggested  as  a means  of  taducing  the 
pump  pulse  risetime  requirements  for  rapidly  terminated  population  inversions  [113], [114], 
This  is  particularly  important  for  lasing  at  wavelengths  shorter  than  ~ 30  k, 
where  sub-picosecond  risetimes  are  required.  Since  both  the  pump  power  density 
and  the  gain  coefficient  scale  as  the  product  of  density  and  transition 
probability,  the  pump  power  required  remains  the  same  for  fixed  gain  whether 
the  laser  transition  is  an  allowed  dipole  or  forbidden  transition.  (However,  the  densities 
increase  for  the  longer-lived  upper  laser  states.)  Unfortunately,  it  is 
difficult  to  find  a metastable  upper  state  that  terminates  in  such  a high 
energy  transition  on  a lower  state  that  does  not  al6o  accumulate  population  by 
a dipole-allowed  transition  at  a higher  rate.  For  example,  the  well-known 
n=2  triplet  levels  of  helium-like  (and  beryllium-like)  ions  decay  to  the 
ground  state  in  relatively  slow  intercombination  transitions  [115]  but  population 
inversion  would  require  filling  of  the  triplet  levels  preferentially  over  the 
singlet  levels.  Such  a selection  is  not  known  to  exist,  certainly  not  by 
excitation  from  the  lower  ground  state  [116].  Required  selectivity  would  have 
to  evolve  from  a capture  process  of  some  sort. 

In  the  event  that  such  preferential  population  should  be  discovered,  as 
has  been  suggested  [117]  for  a recombination  radiative  trapping  scheme,  the 
next  most  important  concern  is  the  competing  depopulation  (by,  for  example, 
electron  collisions  at  the  increased  densities)  from  level  2 at  a rate  R~ 
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as  designated  in  Fig.  5.  This  effect  is  discussed  in  Section  II.  3.b  where  it  is 


pointed  out  that  the  pumping  requirements  increase  as  R.  /A„  for  R.  . 

/n  15  /n  15 

For  the  intercombination  transition  examples  discussed  above,  collisional 
ionization  [103]  as  well  as  spin-exchange  transitions  occur  at  a high  rate  r118] 
even  at  moderate  densities.  A rapid  rise  in  k^  with  Z for  "forbidden"  lines 
can  be  expected  [115],  so  that  R^^  may  not  dominate  at  very  short  wavelengths; 
however  the  associated  short  lifetime,  t would  negate  the  advantage  of  the 
metastable  state.  Sparse  collisional  data  exist  for  a thorough  evaluation 
here,  but  again  the  first  problem  is  to  identify  a realistic  laser  transition. 

A somewhat  different  approach  makes  use  of  metastable  states  for  the 
accumulation  of  electrons  in  a majority  of  the  lasant  ions  (at  a relatively 
low  density)  and  the  subsequent  transfer  of  the  electrons  to  a x.earby  dipole- 
coupled  state  by  absorption  of  laser  emission  [114],  [1191- [121] . Singly- 
ionized  lithium  is  a popular  example,  with  2*S  population  (followed  by 
21S-»  2^P  transfer)  to  be  provided  either  by  charge  transfer  collisions  or  by 
photoionization  of  a Is  electron  from  neutral  lithium  atoms.  Recently  the 

J.  * 

population  and  storage  by  charge  transfer  has  been  demonstrated  for  (Sr  ) ions 
formed  by  a Kg+  + Sr  reaction  [122],  This  approach  obviously  overlaps  other 
areas  included  in  this  review,  but  the  novelty  lies  in  the  use  of  metastable 
states  for  the  accumulation  of  electrons  in  an  excited  state  adjacent  to  the 
upper  laser  level. 

1)  - Beam  Propagation  Losses  in  the  Lasant 

The  only  loss  mechanism  expected  to  be  significant  in  the  lasant  medium 
is  that  due  to  photoionization.  Compton  scattering  as  well  as  inverse 
bremsstrahlung  effects  have  been  considered  [123]  and  shown  to  be  negligible. 
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Photoionisation  becomes  a consideration  whenever  there  are  electrons  bound 

with  less  energy  than  that  of  the  laser  photons.  Then  the  density,  N ,of 

o 

atoms  or  ions  with  such  bound  electrons  multiplied  by  the  photoionizaticm 
cross  section, a , gives  the  photoionization  coefficient  a , i.e., 

-20  P*-  ’ 

cr  i ~ 10  N for  a rather  typical  value  [96  ] of  a ~ 10"20  cm2  and  N 
-3  P1  o 

in  units  of  cm  (api  is  strongly  frequency  dependent  and  varies  approximately 
-3 

as  v for  laser  frequencies, v,  above  the  absorption  edges).  Thus,  it  is  for 
innershell  transitions  at  high  densities  that  propagation  losses  are 
significant  and  the  gain  must  be  adjusted  to  overcome  such  losses  [ 96  ] . 

E • Summary  of  Laser  Physics  at  Short  Wavelengths 

The  achievement  of  significant  gain  at  short  wavelengths  is  limited 
to  about  10  k at  present  by  the  available  power  density  and,  for  self 
terminating  schemes,  by  the  ability  to  concentrate  power  into  a short-rise- 
time  pumping  pulse.  The  density  limits  indicated  in  Fig.  9 are  dictated  by  the 
w=5  condition  based  upon  a short-length  laser-heated  plasma  model,  since  this 
i®  at  Present  the  highest  power  density  source  available.  These  "limits" 
can  thus  be  scaled  down  with  extended  lengths  L,  keeping  ah  constant,  with  the 
exception  of  the  collisional  recombination  scheme  which  depends  on  high  density 
to  achieve  an  inversion  irregardless  of  absolute  gain.  Pumping  requirements 
are  not  affected  by  the  strength  of  the  lasing  line  unless  alternate  spontaneous 
or  collision-induced  depopulation  of  the  upper  laser  state  occurs  at  a rate 
exceeding  that  for  spontaneous  radiative  decay.  This  represents  an  additional 
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limitation  for  schemeg  involving  weak  lineg,  high  lying  gtates,  and  for  mogt 
inner ghell  trangitiona.  Significant  gain  with  beam  pumping  appears  to  be 
presently  limited  to  the  100's  of  A region  by  state-of-the-art  technology. 
Metastable  states  appear  promising  mainly  as  slowly  filled  electron-storage 
states  for  rapid  transfer- pumping  to  nearby  dipole  coupled  upper  laser  states. 
Assuming  continued  advancement  in  pump  source  technology,  the  forseeable  wave- 
length limit  for  non-nuclear  transitions  occurs  near  0.1  A with  the  Lyman-or 
line  for  a hydrogenic  Z=lu0  ion. 
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III.  POSSIBLE  DIRECT  LASER  APPROACHES 
A number  of  approaches  have  been  proposed  and/or  attempted  for 

achieving  sufficient  population  inversion  for  lasing  in  the  vacuum  ultra- 
violet and  x-ray  spectral  regions.  The  more  attractive  and  understandable 
approach":;  ar?  treated  in  some  detail  in  the  folio*  ..g,  as  are  some  experimental 
observations  suggesting  short  wavelength  gain  which  so  far  defy  reasonable  theoretical 
explanation. 

A.  Electron  Collisions!  Excitation 

^ Electron  Collisions  with  Molecules;  Molecular  lasers  occupy  an 
important  place  among  the  types  of  lasers  which  have  been  developed  to  date. 

They  span  the  spectrum  from  the  millimeter  wave  region  to  the  vacuum  ultra- 
violet. They  possess  characteristics  which  qualify  them  for  high  power  cw 
machining  in  industry,  for  pumping  dye  lasers,  for  powerful  weapons,  and  for 
attempting  to  create  thermonuclear  fusion.  Since  the  electronic  transitions  in 
molecules  have  been  used  to  generate  almost  all  the  vacuum  ultraviolet  lasers 
developed  bo  far,  they  must  be  considered  of  major  importance  for  the 
vacuum-uv  region.  Since  , both  the  review  of  Rhodes  [54]  of  ultraviolet 
laser  physics  and  the  review  by  Wood  [124]  of  high-pressure  pulsed  molecular 
lasers  cover  portions  of  this  topic  very  well,  only  the  fundamental  processes  will 
be  discussed  here  from  the  viewpoint  of  acquainting  the  reader  unfamiliar  with  the 
topic,  and  for  allowing  discussions  of  future  lasers  to  be  meaningful. 

Figure  12  shows  simplified  potential  energy  diagrams  for  a)  N , b)  H 
# 2*  2* 

and  c)  Xe2.  Each  of  these  molecules  represents  a somewhat  different  type 
of  laser  transition,  but  nitrogen  and  hydrogen  have  the  most  in  common. 
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These  two  molecules  have  stable  ground  states,  and  at  room  temperature  only 

the  ground  vibrational  level  is  filled.  Electron  collisions  fill  the  upper 

states  in  accordance  with  Franck-Condon  factors  and  with  the  energy  spectrum 

of  the  electrons.  In  nitrogen,  several  triplet  levels  are  heavily  populated 

3 3 

ar>d  lasing  is  produced  on  the  transition  C 0^  ->  B 11^  in  the  near  uv  and  on  the 
3 3 + 

transition  B II  -*  A £ in  the  infrared.  In  both  cases  the  laser  emission 


g u 

quickly  terminates  due  to  the  long  lifetime  of  the  lower  laser  level.  This 

level  fills  rapidly,  destroying  the  inverted  population  needed  for  lasing. 

Also,  these  triplet  levels  cannot  make  transitions  back  to  the  ground  electronic 

level.  In  hydrogen,  singlet  states  are  populated  by  electron  impact  and 

transitions  back  to  the  ground  electronic  state  are  possible.  Lasing  results 

on  the  B12+  -*  X^4"  and  C1!!  -»  Xl£+  transitions  producing  vacuum  ultraviolet 
u g u g 

emission  from  a number  of  vibrat Iona? -rotational  lines.  Several  studies  of 

possible  triplet  state  lasing  have  been  carried  out  also  [l23]-[lj8] , 

* 


The  energy  level  diagram  for  Xeg  is  considerably  different  from  the 
other  molecules  because  tha  ground  state  is  unstable.  The  molecule  exists 
only  in  an  excited  state.  When  it  gives  up  its  excited  energy  and  returns  to 
the  ground  state,  the  two  atoms  rapidly  dissociate.  This  is  excellent  for  lasers 
because  the  lower  laser  level  cannot  fill  and  terminate  the  Inversion.  As 
long  as  the  molecules  exist  some  inversion  density  exiBts.  Production  of  the 
excited  rare  gas  molecules  is  a far  more  complicated  process  involving  several 
steps.  The  molecules  are  most  efficiently  produced  by  excitation  or  ionization 
of  high  pressure  gas  volumes.  At  the  high  pressures  required,  the  most  suitable 
excitation  source  is  the  electron  beam.  Electron  beams  have  been  employed  as 
excitation  devices  for  almost  all  the  rare  gas  lasers  that  have  been  produced 
(as  discussed  in  Section  I),  but  it  seems  possible  that  some  less  sophisticated 
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method  may  emerge  eventually. 

The  primary  high  energy  electrons,  the  secondary  electrons  and  the  return 
current  electrons  participate  in  the  excitation  process  which  could  go  as  [54  ], 
[129],  [130] 


e'  + Xe  -»  e‘  + Xe*  ; Xe*  + Xe  + Xe  Xe*  + Xe,  (13) 

or  as 

e"  + Xe  ->  e”  + e”  + Xe+  ; Xe+  + Xe  + Xe  -»  Xe+  + Xe,  (14) 

followed  by 

Xe*  + e‘  -»  Xe*  + Xe  ; Xe*  + Xe  + Xe  -»  Xe*  + Xe  . (15) 

Here  the  asterisk  and  the  plus  superscripts  refer  to  excited  and  ionized  species, 

respectively.  Typical  operating  conditions  are  from  300  keV  - 2 MeV  voltages 

and  at  pressures  of  100  - 500  psia.  Numerous  other  molecules  have  the  same 

characteristic  of  existing  only  in  the  excited  state  [131],  [132], 

Certainly  additional  vacuum-ultraviolet  lasers  can- be  produced  using 

molecular  transitions.  The  bound-free  excimer  transitions  are  especially 

attractive,  because  the  dissociative  lower  laser  level  and  the  high  pressures 

at  which  the  system  opeiites  hold  out  the  possibility  of  high  power,  high 

efficiency  and  possibly  even  cw  operation.  The  possibility  exists  of  obtaining 

. * * 

laser  emission  in  the  600  - 800  A region  from  Ne^  and  He2>  In  addition, 
neutral  molecules  do  exist  which  have  sufficiently  spaced  electronic  energy 
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levels  to  produ 'e  lasing  below  1000  k.  For  example  there  exist  in  nitrogen 
singlet  states  which  couple  to  high  vibrational  levels  of  the  ground  state. 

If  these  states  can  be  excited,  emission  in  the  900  - 980  k region  appears 
possible. 

2)  Electron  Collisions  with  Ions:  Lasing  in  the  visible  and  near  ultra- 

violet spectral  regions  on  electron  collisionally-excited  transitions  in 
singly  and  multiply  ionized  atoms  is  well  known  [54],  even  though  the  exact 
mechanism  for  population  is  sometimes  debated  particular  cases.  A 
favorite  lasing  transition  involves  two  n = 3 levels  in  light  ions  where  excitation 
is  most  easily  understood  to  be  from  the  n = 2 ground  state,  with  direct  ionization 
into  n = 3 excited  states  from  the  previous  ion  species  considered  a possibility. 
Electrically-excited  ion  lasers  of  the  discharge  variety  operate  in  the  cw 
mode,  where  excitation  presumably  takes  place  in  a non-dipole  transition  followed 
by  lasing  on  a dipole  transition  and  rapid  final  state  depletion  in  a second 
dipole  transition. 

The  success  of  such  ion  lasers  operated  with  resonant  cavities, 
particularly  the  recently  developed  z-pinch  plasma  type  [ 133] , [134],  has 
encouraged  the  consideration  [ 105  J , [ 135  ] of  extrapolation  of  such  transitions  into 
the  vacuum  ultraviolet  region  following  isoelectronic  sequences  (i.e. , ions 
with  the  same  number  of  bound  electrons).  For  example,  a successful  lasing 
transition  in  a six-electron  carbon-like  N ion  might  also  be  expected  to 
prove  successful  at  shorter  wavelengths  with  six-electron  ions  of  higher-Z 
materials.  A major  obstacle  in  such  an  extrapolation  arises  due  to  the  lack 
of  efficient  cavities  in  the  vacuum  ultraviolet  region,  so  that  increases  in 
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the  required  gain  coefficient  by  factors  of  approximately  100  or  more  are 
required.  Nevertheless,  a simple  three-level  model  was  formulated  for  carbon- 
like ions  which  supposed  electron-collisional  excitation  of  a 2p  valence  electron 
into  a 3p  level  followed  by  lasing  from  3p  to  3s  and  finally  rapid  depletion 
of  the  lower  laser  level  3s  to  the  initial  2p  level,  in  a quasi-cw  scheme  [105], 

(The  terminology  quasi-cw  is  used  to  indicated  that  stationary  inversion  is 
expected,  but  most  probably  is  limited  to  the  interval  during  which  proper  excitation 
conditions  can  be  met  in  a particular  plasma,  as  indeed  was  found  for  example 
in  the  z-pinch  visible  ion  laser.)  The  basic  model  is  illustrated  in  the 
energy  level  diagram  shown  in  Fig.  13.  A gain  coefficient  of  either  1 or 
5 cm  for  short,  noncavity,  ASE  operation  can  be  expected  with  sufficient 
2p  to  3p  collisions  1 excitation  at  high  density  and/or  high  temperatures.  A 
high  density  limit  is  approached,  however,  as  the  electron  collisional  de- 
population rate  from  the  upper  3p  laser  level  to  the  3d  and  3s  levels  becomes 
comparable  to  the  spontaneous  decay  rate  for  the  laser  transition,  and  this 
produces  values  for  the  upper  density  limit  indicated  for  various  atoms  as 
shown  in  Fig.  14,  A later  more  complete  numerical  analysis  [136]  indicated  that 
electron  densities  could  exceed  this  limit  by  as  much  as  a factor-of- ten  before 
population  inversion  was  destroyed  by  collisional  equilibrium;  however  the  losses 
increase  with  increasing  density  above  those  values  shown  in  Fig.  14.  It 
is  to  be  noted  in  Fig.  14  that  electron  temperatures  ten  times  higher  than  the 
equilibrium  temperatures  assumed  for  the  ions  are  used.  This  was  required 
in  order  to  attain  sufficient  gain  to  reduce  the  gain  length  to  a length  of 
~ 1 cm  which  is  considered  reasonable  for  short  wavelength  lasers  such  as 
pumped  in  laser-produced  plasmas.  Such  high  electron  temperatures  only 
exist  [137]  for  short  times,  hence  the  "quasi"  nature  of  this  amplification. 
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Kumerical  modeling  [136],  [138]  on  the  0 ion  has  yielded  gain  coefficients 

consistent  with  operation  of  lasers  with  this  species  in  the  near  ultraviolet 

region  in  cavities,  and  has  also  shown  that  the  required  temperature  differential 

can  be  maintained  for  reasonable  times  at  the  low  associated  densities. 

However,  such  modeling  only  assumes  that  a certain  amount  of  energy  is  deposited 

in  the  plasmas  in  a very  short  time  to  heat  the  electrons  and  that  relaxation 

proceeds  from  that  initial  condition.  In  a practical  experiment,  the  enhanced 

electron  heating  in  a plasma  will  probably  have  to  be  obtained  by  a direct 

electrical  process  rather  than  by  laser  energy  depcsition , [ 139 ] , since  the  absorption 

length  for  the  laser  radiation  in  plasmas  at  such  low  density  is  unreasonably 

long.  For  example,  proper  operation  of  a 1 m long  traveling-wave  discharge 

3+  7 

which  has  been  shown  to  produced  C ions  [140]  would  seem  to  be  a possibility 
at  gain  coefficients  ^ 0.01  cm  Gain  lengths  » 100  cm  are  possible  without 
enhanced  electron  heating  as  shown  in  Fig.  15.  ' 

As  noticed  from  Figs.  14  and  15,  3p  -»  3s  transitions  are  limited  as  far 
as  reaching  short  wavelengths.  Transitions  involving  n = 4 states  are  even 
less  desirable,  both  because  of  the  more  rapid  collisional  coupling  between  n *=  4 levels 
and  the  associated  lower  density  limits  and  longer  lasing  wavelengths.  For  shorter  wavelengths 
it  is  more  interesting  to  consider  lasing  on  n = 3 to  n =■  2 transitions  where, 
for  example,  again  quasi-cw  inversion  can  be  expected  in  helium-like  tW'j- 
electron  ions  with  electron  collisional  pumping  from  the  l^S  ground  state  to 
the  3^S  state,  followed  by  lasing  between  3^S  and  2^P  and  rapid  lower  state 
depletion  from  2^P  to  l^S.  The  situation  is  not  dissimilar  to  the  3p  *♦  3s 
scheme  in  that  collisional  coupling  between  n=3  levels  enter  at  some  density. 

— 3+ 

The  mechanism  for  2p-2s  population  inversion  in  C is  not  well  understood; 

perhaps  a dynamic  mechanism  as  suggested  by  Norton  and  Wooding  [141]  for  similar 

ions  is  applicable. 
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However,  final  collisional  destruction  of  the  population  inversion  between  the 
n=3  and  n=2  levels  occurs  at  a much  higher  density,  so  that  high  gains  can  be 
expected  at  shorter  wavelengths.  An  initial  analysis  by  Palumbo  [136]  again 
indicates  that  electron  temperatures  exceeding  ion  temperatures  are  required  to 
accomplish  the  necessary  pumping  over  the  large  Is  -»  3s  energy  gap  in  helium-like 
ions.  In  this  case  it  is  reasonable  to  consider  as  a lasant  the  critical 
absorption  layer  in  a plasma  produced  by  a X *=  1 fim  laser  at  an  electron  density  of 


1 

10  cm  . Assuming  a density  of  this  magnitude,  electron  kinetic  temperature, 


kT  , varying  from  1 to  5 keV,  and  an  ion  kinetic  temperature  of  kT  =kT  /2  (prior 

to  complete  equipartition  of  energy),  gain  coefficients  have  been  calculated 

for  helium-like  ions  of  various  elements  and  are  plotted  versus  Z in  Fig.  16  [136]. 

The  computations  show  a peak  gain  coefficient  of  less  than  7 cm  and  an  optimum 

atomic  number  Z in  the  range  11  to  15  for  these  temperatures  and  densities.  The 

ion  temperature,  T^ , affects  the  calculated  results  only  through  Doppler 

broadening  of  the  lasing  line;  and  a higher  T /T  ratio  results  in  increased 

a according  to  T^.  Higher  electron  temperatures  have  little  effect  on  a,  because 

kT  becomes  comparable  to  the  pump  energy  and  exponential  factors  are  less 
fl 

effective.  Electron  temperatures  >1  keV  at  present  are  mainly  produced  in 
condensed  spark  plasmas  [109],  [110]  of  dimensions  on  the  order  of  0.01  cm 
or  l<?,ss,  resulting  in  low  values  of  the  product  al>.  Such  high  electron 
temperatures  In  laser  produced  plasmas  will  probably  depend  upon  compression 
in  pellet  experiments. 

Prior  to  direct  amplification  experiments,  it  may  be  possible  to  measure 
population  inversions  at  low  net  gain,  as  outlined  in  Section  II. B.  This  is  true  for 
either  the  3p-»3s  or  the  3s-»2p  schemes  described  above.  For  example,  in  the  latter 
case  a relative  intensity  measurement  of  the  3^S"+  2^P  and  the  2 P-*  1 S lines  would 
yield  the  relative  upper  and  lower  laser  state  populations  using  known  oscillator 


strengths.  The  wavelength  difference  (approximately  a factor-of-10)  could  be 


spanned  with  corresponding  3^P  -*  2^S  and  3^P  ->  l^S 
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lines  in  a branching  ratio  approach,  since  both  originate  on  the  same  level. 
Typical  popul-tion  deviations  from  "normal"  may  be  only  a factor-of-two  [ 136  ] , 

so  that  available  overall  experimental  precision  must  be  carefully  assessed. 

6+ 

Another  experiment  also  involving  the  pumping  of  helium-like  0 ions 
in  a laser-produced  plasmas  has  been  proposed  [142],  where  electron-collisional 
pumping  from  the  llS  ground  state  to  the  3l?  state  would  be  followed  by  lasing 
from  31? -*  21S.  This  would  be  a self-terminating  (pre-equilibrium)  sche ae  and 
also  requires  that  electron  collisional  population  o':  the  lower  laser  2 S 
level  from  the  ground  state  occur  at  a lower  rate  than  the  upper  3 P level 
population.  Indeed,  at  very  high  electron  energies  it  is  expected  that  the 
11S  ^ 31p  electron  collisional  excitation  rate  exceed  the  non-dipole 
l1g  ->  21S  rate.  In  this  experiment  it  is  proposed  that  a transient  non-thermal 
electron  energy  distribution  be  obtained,  featuring  a very  strong  high  energy 
component  to  provide  the  preferential  3XP  excitation  at  a sufficiently  large 
11S  -*  3XP  excitation  rate,  in  a situation  somewhat  similar  to  that  above 
where  high  electron  temperatures  were  discussed.  An  experiment  to  test  this 
scheme  using  a plasma  produced  by  a focused  high  power  laser  beam  is  underway. 

B.  Electron  Attachment 

1)  Collisional  Recombinatlo ::  Population  of  upper  laser  states  in  ions 

by  the  capture  of  free  electrons  appears  to  be  an  efficient  pumping  process 
compared  to  direct  excitation,  although  sufficient  energy  to  produce  and  maintain 
the  necessary  density  of  free  electrons  in  a plasma  must  still  be  attained.  Free 
electron  capture  with  the  release  of  radiant  energy  (radiative  recombination) 
proceeds  preferentially  into  tightly-bound  states  which  is  not  desirable  for 
achieving  a population  inversion.  At  high  densities,  however,  three-body 
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and  lasing  in  times  shorter  than  the  collisional  heating  times  for  the  electrons. 
This  approach  seems  limited  to  neutral  hydrogen,  but  is  still  interesting  for 
the  vacuum-uv  region.  Moat  propossls  involve  transient  phenomena,  although 
there  is  one  proposal  [149]  for  a stationary  inversion  between  n=3  •+  n=2  in  an 
expanding  arc-heated  plasma.  No  gain  factors  are  given  for  the  relstively 
low  densities  involved  here  and  radiation  trapping,  which  adds  to  the  population 
rate  for  the  lower  state  in  particulsr,  is  neglected. 

A fundamental  difficulty  in  any  modeling  of  the  recombination  lsser  is 
the  lack  of  reliable  collisitnal  rste  coefficient  data.  Collisions  are 

of  vital  importance  in  the  pumping  process,  in  the  redistribution  of  population 
between  bound  and  free  states,  snd  in  the  electron  cooling/heating  processes. 

While  most  excitation  (and  de-excitation)  rates  are  known  or  csn  be  calculated, 
collisional  ionization  rates,  particularly  from  excited  states,  are  relatively 
difficult  to  obtain  theoretically  and  experimental  dsta  are  non-existent. 

Since  the  critical  three-body  collisional-recombination  pumping  process  is 
the  inverse  of  collisional  ionization  from  excited  states,  it  is  usually  deduced 
by  detailed  balancing  arguments , which  adds  further  importance  to  the  collisional 
ionization  rate.  Therefore,  at  this  point  it  seems  appropriate  to  emphasize 
the  obtainment  of  such  fundamental  and  critica’  data,  perhaps  either  through  theory 
or  by  electron  besm  experiments  on  excited  atoms  or  ions  resonantly- pumped 
with  tuned  lasers, for  examples.  Deduction  of  such  vital  rates  frcm  high 
density  experiments  does  not  seem  possible  due  to  the  complicated  dynamics 
associated  with  most  of  such  plasmas  generated  at  present. 

In  spite  of  the  complexities  snd  uncertainties  associated  with  this 
scheme,  some  direct  observations  [ 98  ] , [99  ],  indicate  a marginal  degree  of 
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population  inversion  existing  in  expanding  laser  produced  plasmas  at  densities 
too  lov  for  demonstrable  gain.  The  uncertainties  are  admittedly  large  at  present 
but  the  results  are  encouraging,  since  population  inversion  is  indeed  the  pre- 
requisite for  eventual  useful  gain  devices. 

It  may  be  recalled  from  Section  I that  this  approach  has  some  basic 
short  wavelength  limitations  due  to  the  eventual  dominance  of  radiative  recom- 
bination into  lower  states  and  to  densities  approaching  the  solid  level.  The 
actual  limits  again,  vary  with  formulas  chosen,but  this  certainly  appears  tc 
be  most  promising  as  a vacuum-uv  and  perhaps  soft  x-ray  laser  scheme. 

2)  Dlelectronlc  Capture:  As  the  name  implies,  dielectronic  capture  is 

an  interaction  involving  a double  transition.  It  occurs  when  a free  electron 
interacts  with  an  ion  and  is  first  "captured"  into  an  excited  state  with  the 
associated  excitation  of  a bound  electron.  Thus,  a metastable  complex  is  formed, 
and  the  associated  excitation  has  been  suggested  as  an  x-ray  laser  pumping 
mechanism.  Since  the  free  electron  can  have  a kinetic  energy  less  than  the 
threshold  value  for  collisional  excitation  of  the  bound  electron  (by  the 
amount  of  its  final  binding  energy),  the  process  is  sometimes  considered  as 
a sub -threshold  resonance  in  the  overall  scattering  process.  The  captured 
electron  may  exist  in  quasi-discrete  levels  prior  to  stabilization,  following 
capture,  stabilization  can  occur  through  several  possible  channels,  one  of 
which  is  autoionization  (a  radiationless  "Auger"  transition)  which  is  the 
inverse  process  and  effectively  ^results  in  an  elastic  scattering  resonance. 
Relaxation  of  both  electrons  into  stable  bo'  nd  states  can  al6o  occur  in  an 
overall  rearrangement  collision  with  radiative  recombination.  In  addition. 
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a radiative -Auger  stabilization  mode  is  possible  causing  the  release  of  both  the 
captured  electron  and  a photon  of  variable  energy  due  to  an  overall  re- 
arrangement collision  with  bremsstrahlung  type  emission  [155].  It  is  the 
recombination  mode  that  would  be  most  attractive  for  achieving  population 
inversion,  and  this  can  only  be  expected  to  dominate  over  auto  ionization 
for  high  Z (^  AO)  elements  (see,  e.g.,  [156]). 

Nevertheless,  assuming  that  all  captured  electrons  produce  candidate 
ions  for  amplification,  a pumping  rate  coefficient  (ffv)  can  be  estimated 

from  the  capture  rate.  This  rate,  which  is  easily  obtained  from  detailed  balancing 
arguments  for  free  electron  capture  into  a specific  state,  is  [102],  [157] 
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exp  [-^Elf/ftTe] . 


(16) 


Here  g^  and  g^  are  the  statistical  weights  of  the  initial  and  final  bound 
states,  respectively,  is  the  absolute  energy  difference  between  these 

states,  and  10l3  sec  *)  is  the  (inverse)  autoionization  rate.  This  can 
be  summed  over  the  few  10)  bound  states  expected  at  the  high  densities 
involved  in  short-wave  length  laser  media.  Numerically  the  rate  is  at  best 
comparable  to  direct  electron  collisional  excitation,  which  is  not  unexpected 
[158],  This  conclusion  is  supported  by  the  observation  of  somewhat  weaker 
satellite  lines  to  helium-like  resonance  lines  observed  in  a number  of  laboratory 
plasmas  and  associated  with  dielectronic  recombination  [157], 

It  might  be  remarked  that  the  large  relative  importance  [ 15r’l , [ 159]  of 
this  process  to  overall  reccmblnatlon  rates  in  stellar  atmospheres  at  low 
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densities,  as  well  °s  the  associate  large  population  of  high- lying  states 
E 160 ] i comesabout  because  of  the  multitude  of  very  high  discrete  quantum 
states  present  and  does  not  carry  over  to  densities  found  in  laboratory 
plasmas  [160],  [l6l].  Therefore  dielectronic  recombination  appears  at  best 
to  be  a supplement  to  direct  electron  collisional  excitation,  under  the 
conditions  where  the  lasing  ion  is  formed  by  recombination  from  a higher 
ionic  species. 

3)  Atom-Ior.  Resonance  Charge  Transfer:  As  pointed  out  in  Section  II, 

a pumping  process  which  has  a large  cross  section  for  preferential  population 
of  specific  excited  states  in  ions  is  most  desirable  for  achieving  population 
inversion  at  short  wavelengths.  The  resonance  charge  transfer  collisional 
interaction 

IZ+  + A -*  I(Z'1)+(n#)  +.A+  + AE  (17) 

2*4" 

between  a neutral  atom.  A,  and  an  ion,  I , of  net  charge,  r,  with  a cross  section 
of  approximately  10~  z cm  , is  a very  promising  candidate  [100],  since  this 
cross  section  is  several  orders-of-magnitude  higher  than  other  excited-state 
population  cross  sections.  The  energy  defect  here  is  designated  AE  and  the 
final  ion  excited  state  quantum  number  is  shown  as  n*. 

Resonance  charge  transfer  occurs  spontaneously  only  in  an  exothermic 

reaction,  where  classical  level  crossings  are  expected  at  some  distance  of 

separation, R^,  according  to  the  simple  classical  Landqu-Zener  theory  [162].  In  this 

theory, .cross  .section  peaks  occur  for  a relative  particle  velocity 

V and  increase  with' an  increasing  exothermic  energy,  defect,  AE  , as  shown 
rel  exo 
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in  Fig.  17.  (Stimulated  resonance  charge  transfer  with  an  endothermic  reaction 

has  also  been  recently  considered,  where  the  stimulation  energy  would  be 

supplied  by  a focused  laser  bean  [104],  [163].)  Thus,  this  process  is  level-selective 

by  its  near- resonance  nature.  The  resonance  is  associated  with  a near-coincidence 

between  the  binding  energies  of  the  initial  atom's  electronic  state  and  the 

final  ion's  electronic  state  into  which  th^s  electron  is  transferred.  For  initial  ions 

of  light  elements,  the  coincidence  may  occur  for  low-lying  (e.g.,  n=3  or  4) 

states  (Fig.  18)  resulting  in  direct  pumping  of  a population  inversic-i  with 

a lower  (nS'2)  state  [164].  For  heavier  ions,  possibly  leading  to  shorter 

wavelength  lasing,  near-coincidence  occurs  with  higher-lying  final-ion  states, 

and  population  inversl  -n  through  cascading  is  expected;  this  is  similar  to  the 

collisional  recombination  sche~  ^s  (Section  III.B)  except  for  the  much  higher 
4 

cross  section  (~  10  times)  with  this  process.  This  latter  approach  was 
originally  proposed  by  Vinogradov  and  Sobel'man  [100]  for  an  expanding  z=10 
plasma  ion  source  exreriment. 

Assuming  that  ions  expand  with  thermal  velocities  determined  from 
kT  = X(Z  ^+/4  where  x^Z  is  the  ionization  potential  of  the  preceding 
ion  state,  direct  upper  laser  level  population  in  light  elements  (Fig.  18) 
should  be  possible  according  to  the  theoretical  curves  shown  in  Fig.  17, 
including  the  mean  velocity  es  inates  indicated  for  stripped  and  hydrogenic 
initial-ionic  specie'  [164].  An  inversion  of  these  data  for  various  charge 
states  is  plotted  in  Fi  r . 19  which  yields  the  optimum  energy  defects,  AEexo> 

For  background  atoms  or  hydrogen,  helium  and  neon,  the  principle  quantum 
num'  ers,n*,  of  the  final  excited  states  which  are  expected  to  be  preferentially 
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populated  are  Indicated, 

The  classical  theory  behind  chese  estimates  is  rather  ine:?a<'t  but  illuminating. 

As  recently  emphasized  by  Presnykov  and  Ulantzev  [165],  improved  theory  is 

2 2 

available  giving  a typical  peak  cross  section  of  ^rct  s *QZ  (I„/I^) > where 
1^  and  1^  are  the  ionization  potentials  of  hydrogen  and  the  atomic  gas, 
respectively.  These  calculated  cross  sections  are  in  agreement  with  measure- 
ments obtained  from  crossed  beam  experiments  for  low  degrees  of  ionization. 

They  point  cut  that  both  double-electron  transfer,  when  two  equivalent  outer- 
shell  electrons  exist  (e.g.,  helium  atoms)  and  also  inncrshell  electron  transfer 
are  possible,  at  reduced  cross  sections.  In  addition,  they  suggest  that  ion- 
ion  resonance  charge  transfer  might  be  possible  when  a large  difference  in 
net  charge  exists  between  the  interacting  particles,  although  no  quantitative 
results  are  derived. 

Experiments  with  laser-produced  plasmas  expanding  into  neutral  atom 
gaseous  atmospheres  are  underway  at  the  U.  S.  Naval  Research  Laboratory,  with 
space-resolved  grazing  incidence  spectroscopy  of  resonance  lines  used  in  an 
initial  search  for  anomalous  populations  in  C and  C ion  excited  states 
[106],  [166].  Absorption  of  the  laser  radiation  by  the  neutral  atmosphere  is  minimized 
by  the  lower  density  possible  with  the  large  cross  section,  by  confined  regions, 
and  by  the  high  photon  energy  of  the  laser  line  relative  to  the  neutral  atom 
absorption  edge  energy. 

Presnyakov  and  Shevel'ko  [167]  have  pointed  out  the  advantage  for  Lyman- 
a inversion  of  the  large  proton-cesium  resonance  charge  transfer  cross 
section  at  low  energies.  (The  general  difficulty  with  inverting  a ground  state 
is  again  to  be  recognized  [100].)  Two  experiments  have  recently  been  proposed 


for  investigating  this  scheme  [120],  [168],  using  a rapidly  advancing  plasma 

, . <n<peted  into  a neutral  cerium  atmosphere.  Cavity 

from  a plasma  gun  or  a duoplasmatron  Injected  1 

operation  at  Lyman-cv  at  a reduced  grin  coefficient  has  been  suggested  [120], 

[167],  and  extension  to  helium  (584  k amplification)  without  a cavity  is 

a. 


proposed  for  both  experiments.  Also,  electron  storing  in  2 S states  of  helium  has 
been  considered  [120],  [121]. 

A second  maximum  in  the  cross  section  distribution  is  expected  to  occur 
at  high  (10’s  of  keV)  particle  energies  [162],  and  one  proposal  if  to  use  a 
high  energy  ion  source  in  a travelir g-vave  mode  to  invert  ionized  helium.  No 
experiments  are  planned  unless  ion  beam  sources  of  greatly  increase-',  current 
become  available  (pee  Section  IV). 

C.  Photoabsorption 

1)  Inner she 11  photoionization;  The  terminology  "innershell  transitions" 
is  meant  here  to  designate  those  transitions  that  occur  as  the  result  of  a 
vacancy  beinq  created  in  a closed  shell  (all  n-orbitals  filled)  of  an  atom  or 
ion  for  which  at  least  one  electron  exists  in  a shell  of  larger  principle  quantum 
number.  The  vacancy  can  be  created  by,  for  example,  collisions  of  electrons, 
ions  or  photons.  Subse< uent  stabilization  can  occur  by  numerous  channels 
including  radiative.  Auger,  and  radiative-Auger  double  electron  transitions. 
Shake-off  and  shake-up  transitions  are  also  well  k awn  to  occur  during  the 
vacancy-production  phase.  Activity  in  this  area  has  bee;  well  summarized  in 
the  four  volume  proceedings  of  the  1972  International  Conf erence ' on  Inner 
Shell  Ionization  Phenomena  [ 165] , which  includes  some  papers  on  x-ray  laseru 
as  future  applications. 
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Innershell  transitions  for  lasing  are  inherently  more  complicated  than 
the  so-called  "optical"  transitions  of  valence  electrons  simply  because  of  the 
multitude  of  possible  decay  channels,  particularly  the  radiationless  Auger 


channel  which  cannot  contribute  directly  to  lasing  but  does  consume  pumping 


energy.  In  addition,  the  pumping  source  energy  must  be  concentrated  in  a re- 


stricted energy  band  in  order  to  preferentially  remove  the  innershell  electrons 


when  outershell  electrons  exist.  The  initial  attractiveness  of  innershell 


transitions  is  somewhat  traditional  for  x-ray  generation  and  does  appear  to 
offer  short  wavelengths  in  a low  temperature  medium,  if  indeed  Doppler 
broadenin'?  were  to  be  the  dominant  mechanism.  However,  as  shown  in  Section  I, 
natural  broadening  with  Auger  decay  included  is  comparable  to  Doppler  broadening 


even  at  the  elevated  temperatures  where  one  and  two-electron  ions  are  created 


with  optical  transitions  in  the  traditionally  K region.  Thus,  there  would  not 


appear  to  be  any  clear  advantage  to  innershell  transitions  for  short  wave- 


length self-terminating  lasers,  although  there  have  been  a number  of  published 

suggestions  with  different  pumping  schemes.  Innershell  pumping  by  collisions 

of  plasm  electrons  has  been  proposed  only  once  in  a brief 

note  [170]  without  apparent  regard  to  the  effect  on  outer  electrons  of  the 

broad  energy  distribution  of  free  electrons.  Selective  innershell  pumping  by  collisionsof 

ion  beam?  vith  atoms  (forming  quasimolecules)  has  been  suggested  [112],  [171]; 

howevei , the  beam  current  required  is  formidable  (Section  II),  particularly 

when  all  possible  states  and  decay  channels  are  considered.  Greater 

consideration  seems  to  have  been  given  to  photoionization  pumping  schemes  [96], 

[113],  [17JJ-[176]  both  because  of  the  ability  to  concentrate  the  pump  energy 
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and  the  likelihood  of  being  able  to  tune  the  pump  source  to  a spectral  region 
of  preferential  innershell  photoionization. 

In  the  simplest  self -terminating  schemes  an  innershell  hole  is  created 

by  photon  impact  and  lasing  occurs  on  a radiative  transition.  Population  inversion 

terminates  in  a time  approximately  equal  to  the  lifetime  of  the  vacancy  state 

(see  Section  II).  Both  Ka  transitions  with  many  outer  electrons  and  transitions 

to  first  full-shell  vacancies  in  alkalis  (e.g.,  L-shell,  sodium)  have  been 

studied.  In  the  latter  only  one  outershell  electron  exists  and  Auger  effects 

are  not  present;  however  the  wavelengths  are  typically  30  times  longer  than  for 

Ka  transitions.  A variation  on  the  photcionized-sodium  scheme  which  has  recently 

been  proposed  by  McGuire  [177]  involves  the  production  of  K-shell  vacancies 

3+ 

in  Na+  ior.s  followed  by  K-LL  vacancy  Auger  transitions  producing  Na  ions 
with  electrons  in  various  (n*=2)  L-subshells.  Lasing  is  predicted  in  the 
400  A region  on  2p  -»  2s  transitions  instead  of  3s  ->  2p  in  the  neutral  sodium 
pumped  scheme.  Pumping  by  x-rays  from  laser-produced  plasmas  bus  been  proposed 
[178].  In  this  proposal  the  laser  plasmas  are  arranged  to  produce 

a traveling  wave  pumping  configuration  on  the  material  to  be  pumped.  Both 
sodium  schemes  require  that  photoionization  losses  in  the  medium  be  overcome. 

The  principle  difference  is  whether  ann=2  vacancy  is  produced  directly  by  L- 
electron  photoionization  or  indirectly  by  K-electron  photoionization  followed 
by  an  Auger  decay.  The  selective  pumping  spectrum  required  will  fall  into 
obviously  different  energy  range..  This  could  be  a deciding  factor  in  designing 
an  experiment,  and  it  is  pointed  out  [ 177 ] that  it  is  easier  to  produce  a 
filtered  hard  x-ray  spectrum  for  K-shell  pumping. 
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It  is  interesting  that  one  of  the  major  objections  to  photon-pumped 


Key  lasers,  namely  the  Auger  decay  channels  that  consume  pumping  energy,  could 


conceivably  be  utilized  to  alleviate  a more  formidable  problem  common  to  most 
short  wavelength  lasers,  i.e.,  the  extremely  fast  pump  pulse  risetime  (see 


Section  II).  It  was  first  suggested  by  Stankevich  [173]  in  1970  that  L-shell 


vacancies  created  by  Key  transitions  could  be  filled  by  Auger  transitions 


at  a higher  rate  than  that  at  which  they  are  created,  so  that  a population 


inversion  could  be  sustained  for  as  long  as  the  particular  species  exists. 


Hence,  a quasi-cw  laser  is  conceivable  along  with  resonance  cavity  operation. 
Stankevich's  analysis  was  based  upon  some  very  rough  approximations  for 


the  relevant  rates.  When'  re-analyzed  [96  ] in  1974  with  new  calculations 


published  in  the  interim,  the  net  gain  coefficient  on  his  simple  model  re- 
mained positive  but  became  small.  However,  Stankevich  also  ignored  the 
fact  that  the  further-stripped  ions  created  by  Auger  transitions  possess  shifted 
Key  absorption  lines  and, therefore, decreased  laser  beam  reabsorption.  The 
requirement  for  sustained  inversion  then  becomes  one  of  exceeding  only  the 


K-L  radiative  rate,  which  is  considerably  less  than  the  K-LL  Auger  rate  for 


light  elements  [179].  When  the  analysis  [96]  is  extended"  to  this  situation,  the 


ratio  of  rates  and  hence  the  approximate  ratio  of  population  densities  becomes 


significant  for  elements  in  the  range,  of  Z=20  as  shown  in  Fig.  20.  Indeed, 
a gain  coefficient  of  70  is  predictrid  in  a 30  jm»by300  d*11  medium  of  silicon 
atoms  at  a wavelength  of  7.1  A and  with  a currently  realistic  photon  pumping 


source  of  4 TW  power.  However,  actually  making  and  maintaining  a medium  having 


the  rather  idealized  conditions  assumed  is  another  matter.  For  example. 
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a high  density  of  a specific  atomic  or  ionic  species  must  be  maintained 
against  continuing  ionization  with  delicately  balanced  recombination  into 
the  proper  states.  Tlis  approach  should  be  pursued  further  with  both  numerical 
modeling  and  experiments,  the  first  experimental  efforts  probably  being  directed 
towards  developing  suitable  pump  sources  with  sufficient  power  concentrated  in 
the  required  spectral  region.  Such  a source  may  be  a laser-produced  plasma,  an 
exploded  wire,  or  even  a more  simple  heavy-element  spark  discharge. 

2)  Photoexcitation:  Absorption  of  discrete  emission  such  as  from 

a discrete  spectral  line  leading  to  excitation  to  a specific  upper  laser 
level  is  an  intriquing  possibility  for  selective  pumping  by  photons.  Generally 
two  species  are  required  with  overlapping  intense  lines.  Considerations  so 
far  [l80lj  [181]  have  centered  around  Cl.e  intense  resonance  lines  of  hydro*,  "ic 
and  helium-like  ions  which  can  become  "opacity  broadened" for  the  desired  frequency 

overlap.  A typical  example  is  absorption  of  the  C Lyman-cv  line  at  33.74  A 

4+  11  1 

by  a C ion  in  a 1 S-4  P transition,  with  the  4 P level  becoming  overpopulated 

relative  to  lower  3*S  and  2^S  levels  and  possible  lasing  in  the  700  A and  200  A 
regions,  respectively.  Considerable  thought  must  go  into  a practical  experi- 
ment for  efficient  coupling  of  the  pumping  line  emission  to  the  absorber. 

In  this  respect  the  practical  problems  are  not  unlike,  those  encountered  in 
photoionization-pumping  experiments.  A coaxial  design  utilizing  an  expanding 
cylindrical  plasma  from  a specially  tailored  laser-irradiated  target  may  prove 
most  efficient.  Obviously,  many  combinations  of  ions  and  elements  may  be 
considered  as  long  as  overlapping  intense  lines  are  present. 

^Single  species  pumping  of  isotope  shifted  lines  has  been  proposed  [182], 
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E.  Nuclear  Transitions 

The  use  of  nuclear  transitions  to  produce  lasing  in  the  x-ray  and  y-ray 
spectral  region  was  considered  as  early  as  1961  in  laser  history  [ 186 ] — [ 189 ] . 

The  conclusions  at  that  time  were  that  the  difficulties  were  so  great  that 
no  practical  experiments  could  be  started.  The  recent  success  in  the 
vacuum  uv  and  the  anticipated  success  in  the  x-ray  region  has  inspired  a 
new  look  at  the  more  penetrating  gamma-ray  lasers.  Much  of  the  revived  interest 
in  gamma-ray  lasers  has  originated  in  the  Soviet  Union  and  emerged  at  the 
1973  Vavilov  Conference  on  Nonlinear  Optics.  Soviet  scientists  R.  V.  Khokhlov 
[ i9q] , V.  S.  Letokhov  ( 191]- [ 192] , and  V.  I.  Goldanskii  [193]  have  contributed 
significant  new  ideas  or  proposals  on  the  gamma-ray  laser.  In  England  Byrne, 
Peters  and  Allen  [ 194]  have  considered  the  gamma-ray  laser  and  in  the  U ".A., 
Baldwin  at  Rensselaer  Polytechnic  Institute  [ 195] » [ 196] , Wood  and  Chapline 
[197]  at  the  Lawrence  Livermore  Laboratory  and  a group  at  the  Naval 

Research  Laboratory  [ 198]  have  examined  the  problem.  No  one  claims  that 
development  of  the  gamma-ray  laser  will  be  easy,  but  some  aspects  of  the  problem 
appear  no  more  difficult  than  those  for  hard  x-ray  lasers.  Some  of  the 
fundamental  problems  of  gamma-ray  lasers  and  some  of  the  rather  elaborate 
schemes  for  producing  them  will  be  discussed  below. 

From  Eq.  (6),  the  threshold  inversion  density,  AN,  for  mirrorless  systems 

varies  as 
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In  addition,  the  gain  equation  must  be  multiplied  by  the  fraction,  f,  of  excited 
nuclei  that  undergo  reco. 1-less  transitions,  by  the  branching  ratio,  3,  for  the 
isomeric  transition,  and  by  (1  + x)  * where  x is  ine  internal  conversion 
coefficient  (in  this  process  excitation  energy  is  lost  to  the  nucleus  in  a 
radiationless  manner).  The  gain  coefficient  condition  becomes 


...  X2  f . 

“ " AN  2jt  t£vt  1 + x > 


where  AVj,  is  now  the  full  linewid'.h.  Khokhlov  [190]  estimates  that  the 
absorption  coefficient,  y,  is  no  greater  than  1 cm  * and  that  it  is  possible 
to  obtain  gain  coefficients  of 
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a « (10  - 10  cm"  . 


Transitions  in  which  the  tAv^  product  is  near  unity  have  been  observed  for  short 

-7  -9 

lifetime  transitions  (10  - 10  sec),  but  when  loi.ger-lived  transitions  are 

considered  there  are  little  data  available.  One  measurement  of  Ag10^,  which 
has  a 44  sec  lifetime,  showed  a fAv^,  of  10^. 

Obviously  more  work  is  needed  to  investigate  the  linewidth  of  long- 
lived  transitions.  It  may  be  that  narrower  bandwidth  transitions  exist  for 
some  long-lived  isomers.  If  not,  then  techniques  for  reducing  the  linewidth 
must  be  developed  if  long-lived  transitions  art  to  be  used  for  gamma-ray  lasers. 

The  alternative  to  reducing  the  linewidth  of  long-lived  transitions 
is  to  accept  the  breadth  of  short-lived  transitions  and  to  try  to  overcome 


this  factor  by  increased  pumping  intensity.  In  doing  this  one  finds  that 

inversion  densities  greater  than  that  of  solids  are  required  and  that  the 

24  -3 

pumping  power  required  to  achieve  the  required  inversion  densities  (10  cm  ) 
is  overwhelmingly  high.  To  reach  such  inversion  densities,  it  has  beor. 
proposed  that  laser  compression  techniques  similar  to  those  proposed  for  pellet 
fusion  might  be  used.  One  concept  consists  of  a cylindrical  thread  of 
beryllium  as  the  gamma-ray  laser  host  material..  Added  to  the  beryllium 
thread  is  a small  amount  of  parent  "otopic  material  [193].  The  Mossbauer  effect 
will  be  preserved  in  the  impurity  material.  Surrounding  the  beryllium  host  with 
its  impurity  is  a concentric  cylinder  of  fissile  material  which  will  be  driven 
to  criticality  by  a series  of  laser  beams  aimed  at  the  cylinder  from  all 
sides  and  timed  to  produce  a wave  of  excitation  moving  at  the  velocity  of  light 
down  the  length  of  the  cylinder.  The  laser  beam  compresses  the  fissile  material 
causing  a miniaturized  explosion  and  the  release  of  many  pumping  neutrons. 

These  neutrons  pass  through  the  beryllium  exciting  the  impurity  nuclei  quite 
rapidly  and  providing  a gain  medium  for  those  gamma-ray  photons  that  are 
emitted  in  the  axial  direction  of  the  cylinder  [195]. 

If  pumping  a gamma-ray  laser  is  difficult  when  lifetimes  are  short, 
and  if  linewidths  are  too  great  when  isomer  lifetimes  are  long,  perhaps  a 
compromise  is  to  use  intermediate  lifetimes  and  assemble  the  laser  as  fast 
as  possible.  One  idea  [192 } proposes  that  pumped  nuclear  material  be  quickly 
vaporized  with  a laser  beam  and  that  the  excited  nuclei  be  separated  isotopically, 
ionized  and  electrostatically  deposited  on  a host  substrate.  The  rapidly 
assembled  laser  would  emit  as  soon  as  sufficient  excited  nuclei  reached  the 
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substrate.  This  approach  is  quite  complicated,  and  considerable  research  would 
be  required  to  attempt  it.  It  would  be  necessary  to  study  the  isotope  sep- 
aration process  in  detail  as  well  as  the  excitation-vaporization  process,  but 
it  appears  that  this  technique  might  work  where  others  do  not. 

The  question  of  coherent  emission  of  Fermions  (neutrons,  protons,  alpha 
particles)  has  come  up  in  some  discussions  [200],  Byrne,  Peters  and  Alien  [194] 
have  given  further  consideration  to  alpha  particle  emission.  Their 
conclusions  are  that  alpha  particle  capture  and  emission  processes  are  incoherent 

wit!  no  phase  relationship.  An  alpha  particle  with  MeV  energy  has  a wave- 
-12 

length  of  ~ 10  cm.  The  frequency  spread  associated  with  the  Doppler  motion 
16 

is  ~ l'j  Hz  at  room  temperature  for  a heavy  element  (A  ~ 240).  The  resulting 
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cross  section  for  stimulated  emission  is  10  ••  10  cm  for  lifetimes  in 

the  range  of  10  to  10  sec.  Absorption  cross  sections  are  many  orders  of 
magnitude  larger  and  seem  to  preclude  the  possibility  of  stimulated  alpha 
particles. 

On  the  other  hand,  L.  A.  P.ivlin,  the  Soviet  scientist  who  filed  an 
early  patent  disclosure  on  th«  gamma-ray  laser,  has  proposed  that  antimatter 
might  serve  as  an  amplifying  medium  [201].  In  discussing  some  aspects  of 
the  problem  he  chose  to  consider  positrons.  Positrons,  of  course,  are  quickly 
annihilated  bv  the  close  presence  of  an  electron  with  the  resulting  emission 
of  two  photons.  The  minimum  energy  for  the  rrea-.ed  photon  is  0.51  MeV  which 
results  in  a wavelength  of  0.024  A.  Rivlin's  idea  is  to  inject  a pulse  of 
positrons  into  an  electron-rich  target  and  observe  the  emission  upon  annihilation 
of  the  positrons.  He  calculates  that  he  needs  a positron  density  of  1018  cm"3 
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electrons  with  more  than  1 GeV  of  energy  so  that  even  shorter  wavelengths  can 


be  reached. 


Of  course,  there  are  important  questions  which  must  be  answered  such 
as  the  net  power  out  of  such  a laser,  given  state-of-the-art  input  intensities 
of  electron  beams  and  lasers.  Pantell  has  determined  that  the  net  power  scattered 


into  a single  mode,  for  an  electron  velocity  v, is 


c2r„a  + v/c)  d2N 
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where  r is  the  classical  electron  radius  (2.8  x 10  cm),  1^  and  are 


the  intensities  of  incident  and  stimulating  radiation,  E is  the  electron  energy 


and  N is  the  electron  density.  The  gain  coefficient  in  cm  can  be  determined 
e 


using  the  expression 
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where  *2  is  the  wavelength  of  the  emitted  signal,  is  the  photon  density 
in  the  incident  beam,  and  AE  is  the  linewidth  of  the  energy  scatter  of  the 


electrons.  Calculations  by  Molchanov  [205J  for  a neodymium  laser  beam  at 
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1.06  /lot  wich  a photon  density  of  1.8  x 10  cm  , an  electron  voltage 
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of  2 MeV,  a E/AE  of  10  , and  N&  of  2 x 10  cm  (current  densi.ty  of 


5 2 ,i  o 

10  A /cm  ) indicate  a gain  of  2.2  cm  at  a wavelength  of  about  220  A. 


This  is  a relatively  large  gain  and  it  is  in  the  soft  x-ray  region.  Shorter 
wavelengths  could  be  generated  by  increasing  the  electron  energy.  If  Similar 
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E/AE  and  Nfi  could  be  produced  at  20  MeV,  wavelengths  of  2.2  * would  be  produced 
but  the  gain  would  d^p  due  to  the  i.\  dependence.  Hence  the  ability  to  go  to 
short  wavelengths  by  increasing  the  electron  energy  must  be  accompanied  by  the 

ability  to  produce  greater  electron  or  photon  densities  to  generate  significant 
gain. 

G.  Unresolved  Experiments 

3)  SSla-gaertoents  at  Univ.  of  Paris,  Orsay:  A group  at  the  University 
of  Paris  at  Orsay  led  by  Jaegle  have  recently  reported  [206]  a measured  net 
gain  of  17  percent  and  a gs in  coefficient  of  10  cm'1  in  the  dense  portion  of 
an  expanding  laser-produced  ’ luolnun  plasma.  The  spectral  line  «,  which  this 
gain  was  observed  arises  fro  a 2p54d  \ ->  2p6  \ intercombination  transition 
in  the  U neon-like  ion.  Two  identical  plasmas  are  created  by  splitting  a 
single  laser  beam  and  the  transmission  of  tV  second  plasm  to  radiation 
(in  a region  assumed  to  be  uniform)  from  the  first  is  used  to  ascertain 
absorption  and  the  reported  gain.  This  last  paper  follows  approximately 
four  years  of  effort  with  progress  documented  in  the  references  listed  in  [206]. 
Other  supporting  evidences  given  are  the  narrowness  of  this  particular  line 
and  a significantly  shorter  duration  of  the  emission  from  time-resolved 
spectral  measurements.  Net  gain  on  other  lines  in  Lhis  particular  ion  or 
in  other  ions  has  net  been  reported.  No  explanation  for  how  the  population 
inversion  is  achieved  is  offered  in  this  paper,  although  it  was  previously 
suggested  that  a series  of  autoionizing  transitions  may  be  responsible  [2)7]. 

An  attempt  to  reproduce  this  experiment  has  been  made  by  Valero  [ 208] 
in  a similar  experiment  but  with  a sonewhat  more  powerful  ruby  laser.  Valero 
reports  results  in  essential  agreement  with  Jaegl4,  et  al.,  but  concludes 
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suggested  as  an  explanation,  lias  been  scrutinized  very  carefully  by  two  groups  |212], 

[213],  who  conclude  that  Das  Gupta's  observations  can  be  explained  on  the 

basis  of  instrumental  effects.  In  repeated  experiments  [213],  [214], 

the  discrete  frequencies  reported  by  Das  Gupta  are  not 

observed.  It  appears  that  the-e  is  little  reason  for  x-ray  laser  enthusiasm 

in  the  results  reported  by  Da^-  Gupta  unless  a more  substantial  understanding 

and  support  of  these  results  is  offered. 

c)  CuSO^  Experiment  at  University  of  Utah:  The  existence  of  coherent 

hard  x-rays  from  a laser-heated  gelatin  doped  with  CuSO^  was  reported  by  Kepros, 
et  al. at  the  University  of  Utah  in  1972  [215].  The  report  generated  a flurry 
of  interest  and  activity.  The  main  evidence  on  which  the  conclusion  was  drawn 
was  the  observation  of  clustered  small  (~  100  fjm)  spots  on  x-ray  films  placed 
at  distances  of  30  to  110  cm  along  the  axis  of  the  10  mm  ty  0.1  mm  portion  of 
the  gelatin  that  was  irradiated.  Ionization  chamber  (electrometer)  results 
indicated  a preferred  axial  emission  of  up  to  105  photons  per  burst.  These 
findings,  which  supported  the  film  data,  were  reported  in  private  conversations 
[2161,  [217]  and  added  to  the  Interest  in  the  effect.  No  wavelengths  were 
measured,  but  the  association  with  x-ray  emission  was  inferred  by  the  apparent 
transmission  through  aluminum  and  paper  shielding  surrounding  the  film. 

An  attempt  to  reproduce  the  results  at  the  U.  S.  Naval  Research  Laboratory, 
where  a similar  laser  was  available , indicated  at  first  that  indeed  such  spots 
with  some  degree  of  localization  could  be  present  in  coincidence  on  multiple 
filma  on  about  10  percent  of  the  shots  [218].  However,  in  continued  experi- 
ments with  the  use  of  "active"  x-ray  detectors  (capable  of  counting  photons) 
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did  not  produce  any  x-rays,  and  thus  disassociated  the  film  anomalies  with  x-ray 
emission  [219].  No  other  source  of  x-rays  associated  with  the  laser  or  the 
experiment  was  found.  A more  recent  report  [220]  from  the  University  of 
Sofia  also  describes  the  observation  of  90-130  (jn  film  spots  with  up  to  90 
percent  reproducibility;  however  no  attempt  at  auxiliary  x-ray  detection 
Is  reported.  Other  attempt--;  [221]  at  corroborating  the  x-ray  emission  reported 
by  the  Utah  group  proved  negative.  Including  one  so- far-unpublished  study  [222] 
by  an  independent  team  assembled  by  the  University  of  Utah  using  the  original 
apparatus.  The  original  researchers  have  not  extended  their 
measurements  and  the  electrometer  results  have  never  been  published. 

Following  a visit  to  tha  University  of  Utah  during  which  he  exposed  a number 
of  multiple-film  film  packs  to  the  "x-ray  laser",  Boster  reported  [223]  the 
presence  of  a number  of  small  features  on  the  films  and  associated  these 
with  a trlboelectrlc  effect  caused  by  improper  handling  of  the  films,  i.e., 
independent  of  the  laser/gelatin  experiment.  Boater's  explanation  Is  not  entirely 
satisfactory,  because  the  effects  have  not  been  duplicated  at  the  U.S.  Naval 
Research  Laboratory  or  elsewhere  [224]  even  when  Boster' s prescription  for 
"mishandling"  was  followed  exactly. 

Developing  a theoretical  mechanism  to  explain  population  Inversion  In  this  experiment 
proved  extremely  difficult  from  the  beginning  aid  requlreo  complete  absorption  and 
concentration  of  the  available  laser  energy  (ty  soie  unknown  mechanism)  into  a filament  of 
about  1 nm  diameter.  (Indeed,  the  amount  of  absorption  was  found  [219]  to  be 
~ 307.  and,  furthermore,  independent  of  the  presence  of  CuSO^  In  the  gelatin.) 

Kepros  [225]  recently  attempted  to  explain  his  original  results  with  a partially- 


stripped  model  and  higher  peak  powers.  Billman  and  Mark  [217]  offered  a non- 
lasing explanation  for  the  presence  of  any  collimated  x-rays  that  may  have 
been  observed  at  the  University  of  Utah.  Their  explanation  is  based  upon  a 
model  of  a transmitting  and  collimating  channel  created  in  the  gelatin  by  the 
incident  laser  beam. 

To  summarize  this  experiment,  it  must  be  concluded  that,  wliatever  may  have 
been  the  cause  of  the  observed  film  effects,  the  absence  of  any  further  evidence 
of  x-ray  emission  with  the  most  sensitive  detectors  available  preclude!, 
further  credibility  to  the  original  claim  of  coherent  hard  x-ray  emisiio.i. 

Credit  should  be  given  to  the  originality  demonstrated  in  the  approach  which 
may  someday  prove  interesting,  particularly  with  more  powerful  lasers. 


IV.  PRODUCTION  AMO  DETECTION  OF  GAIN 


A . Pumping  Sources 
At  present  two 


sources  are  given  serious  consideration  for 


pumping  x-ray  transitions:  1)  laser  beams,  particularly  the  very  short  pulse- 
width,  mode-locVed  picosecond  beams;  and  2)  high  energy  electron  beams  and 
receitly  associated  ion  beams.  All  of  these  sources  have  their  advantages 
and  weaknesses.  By  mode -Idling,  Nd3+  laser  beams  can  be  made  to  have  pulse  widths 
of  ~ 10-li  sec  and  they  can  be  focused  to  small  volumes  with  high  irradlance. 
However,  the  photon  energy  is  too  small  to  pump  x-ray  transitions  directly, 
and  they  must  be  used  either  to  transfer  electrons  from  an  excited  metastable 
level,  to  heat  electrons  in  a plasma  with  subsequent  electron-collisional 
pumping,  or  to  produce  x-rays  (again  from  a laser-heated  p_asma)  which  will 
in  turn  pump  an  x-ray  laser  transition.  Short  pulse  lasers  have  low  over- 
all efficiency  (not  a primary  problem  for  initial  x-ray  laser  research), 
are  power  and  energy  limited,  and  are  somewhat  difficult  to  adapt  to  a travel- 
ing-wave pumping  geometry  (Section  IV.A.2.b).  Gain  lengths  tend  to  be  restricted 
to  about  one  centimeter  and  the  ramifications  of  this  are  analyzed  below. 

More  efficient  C02  lasers  do  exist  having  comparable  energy,  but  the  pulse 
widths  are  limited  to  ~10"9  sec  at  present  and  the  photon  energy  is  lower  by 

a factor-of-ten.  High  current  electron  (and  ion)  beams  are  also  limited  to 

\ 

pulse  widths  of  about  l(f9  uec;  they  have  high  efficiency,  high  ^rgy 
and  appear  adaptable  to  a traveling-wave  transverse  pumping  geometry.  They 
produce  large  fluxes  of  high  energy  particles  which  can  be  converted  to  photons 
by  colliding  the  particles  with  a target.  A very  severe  additional  limitation 
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for  charged  particle  beams  comes  in  focusing  against  space  charge  effects  to 
produce  a high  flux  in  a very  small  volume. 

1)  Short  Pulsed  Lasers: 

The  process  of  mode-locking  to  produce  extremely  short  optical  pulses  has 

been  reviewed  thoroughly  by  both  DeMaria  et  al.,  [226]  and  Smith  [227].  Pulses 
- 12 

with  a length  of  10  sec  can  be  generated  at  1.06  /an  using  the  broad  band- 
3+ 

width  of  Nd  in  glass  or  YAG  (yttrium  aluminum  garnet).  When  amplified, 
these  narrow  pulses  can  reach  peak  powers  of  more  than  10  W.  Except  when 
used  for  transfer  pumping  from  an  excited  metastable  level  (Lebedev  Institute, 
Moscow), the  low  photon  energy  of  these  pulses  prevents  direct  pumping  of  x- 
ray  transitions;  however,  several  indirect  methods  are  being  actively  pursued. 


Electron  Heating  and  Relaxation:  This  concept  utilizes  a high  power 


laser  pulse  to  generate  a highly  ionized  plasma  and  either  directly  oroducesa 
population  inversion  by  preferential  excitation  of  an  x-ray  transition  by  a 
high  energy  electron  component  of  the  plasma  (being  done  at  the  University  of 
Rochester)  or  generate  an  inversion  during  the  relaxation  and  expansion  period 
following  either  electron-ion  recombination  (being  done  at  Lawrence  Livermore 
Laboratory,  University  of  Rochester,  Culham  Laboratory,  University  of  Hull) 
or  ion-atom  charge  transfer  (being  done  at  U.  S.  Naval  Research  Laboratory). 

b)  Synchronized  Double  Pulse  Excitation:  If  a highly  ionized  plasma 

can  be  prepared  just  in  advance  of  the  arrival  of  an  intense  picosecond  laser 
pulse,  then  the  picosecond  pulse  may  be  useful  in  quickly  heating  plasma  electrons 
which  in  turn  will  excite  the  already  existing  ions  to  large  population  inversions 
prior  to  equilibration.  Lasing  would  occur  when  sufficient  ions  become  excited  for  the 


193 


I 


ASE  conditions  to  be  met.  The  density  must  be  sufficient  for  the  laser 
beam  to  be  absorbed,  but  not  so  high  that  collisional  rates  dominate. 

c)  Laser-Plasma  X-Rays:  An  alternative  method  of  pumping  x-ray  transitions 

is  to  use  the  high  power  laser  pulse  to  vaporize  and  heat  a target  material  to 
generate  plasma  x-rays.  These  x-rays  fall  onto  a nearby  material  and  optically 
pump  energy  levels  to  inverted  populations.  Silfvast  and  Wood  [228]  have  demonstrated 
this  technique  at  longer  wavelengths  by  using  the  plasma  generated  by  a 


COj  laser  to  pjmp  a near-uv  dye  laser.  There  has  been  considerable  work  done 
to  study  the  radiation  emitted  from  laser  plasmas  in  the  x-ray  region,  and 
the  conversion  of  laser  radiation  to  x-radiation  has  good  efficiency.  With  this 
background  it  may  be  possible  to  pick  t irget  materials  that  have  sufficient 
emission  in  e'ther  the  rather  narrow  photc Ionization  or  the  discrete  line 
photoexcitation  absorption  bands  of  the  x-ray  transition  selected  for  lasing. 
Photoionization  pumping  is  pursued  at  Battelle  and  Sandia  Laboratories. 

d)  Laser  Compression  Techniques:  Because  the  power  densities  required  tc 
produce  x-ray  lasers  are  similar  to  those  required  for  laser  fusion,  there  is 
a strong  technology  overlap  between  these  programs.  Therefore,  there  is  activity 
in  x-ray  lasers  at  such  laser-fusion  laboratories  as  Lawrence  Livermore  Laboratory, 
the  U.  S.  Naval  Research  Laboratory,  the  University  of  Rochester,  and  Battelle. 

For  example,  Chapline  and  Wood  [123]  at  Lawrence  Livermore  Laboratories  have 
proposed  to  conduct  x-ray  laser  experiments  which  make  use  of  the  compressive 
force  of  numerous  laser  beams  aimed  to  uniformly  irradiate  a cylinder  and  to 
attain  inversion  densities  greater  than  the  density  of  solids.  This  traveling- 
wave  compression  concept  is  an  extremely  complex  one.  Not  only  must  the 
irradiation  be  radially  uniform  for  high  compression,  but  there  is  the  added 
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difficulty  that  the  amplified  x-ray  pulse  velocity  will  be  gain  dependent.  This 
added  dependency  will  require  uniform  inversion  density  in  the  axial  direction 
in  order  to  maintain  the  velocity  matching  of  the  x-ray  pulse  and  the  excitational 
compression  wave.  In  short,  this  method  may  encounter  severe 
practical  difficulties  in  addition  to  those  common  to  laser  fusion  compression. 

2)  Electric  Discharge  Lasers; 

a)  Advantages : Electric  discharge  lasers  are  conceptually  simple 

and  have  the  advantage  that  electrically-stored  pumping  energy  is  transferred 
directly  and  efficiently  to  gases  at  relativelj  low  pressures  in  short  path 


lengths,  due  to  the  short  mean  free  path  for  collisional  ionization  processes 
of  cross  section,  0£l , i.e.,  A^  = (o^)"1  ~ ic13/^  for  Nq  in  cm'3.  Low 
densities  are  an  advantage  for  lasers  pumped  by  electron  collisions  (Section  III), 
but  longer  lengths  are  required  for  gain  coefficients  exceeding  threshold  [105], 
When  the  required  lasant  length  exceeds  ct  where  T is  the  laser  pump  time 
the  pumping  of  the  lasant  must  be  axially  synchronized  with  the  growth  of  the  beam; 
hence  the  need  for  traveling-wave  pumping.  Such  pumping  is  most  appropriate 
for  transverse  electrical  discharge  devices  and  has  been  successfully  applied 
to  molecular  (see  Secion  I)  as  well  as  ionic  (C3*  f 140])  lasants.  Hence 

its  present  use  at  the  U.  S.  Naval  Research  Laboratory  for  the  investigation  of 
e lectron-collisiona lly  excited  ionic  lasers. 

b)  Traveling-Wave  Pumping:  The  short  lifetimes  of  x-ray  transitions 

usually  places  a restriction  on  the  amount  of  amplification  that  can  be  produced 
by  a given  population  inversion  density.  For  example  in  a material  in  which 
gain  lasts  only  10  15  sec  a pulse  can  only  be  amplified  for  a distance  of 


. 
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3 x 10  "*  cm.  Also,  the  inversion  density  required  to  reach  threshold  approaches 
the  density  of  a solid.  Producing  such  densities  is  very  difficult;  they 
might  occur  only  in  compressed  laser  plasmas.  These  inversion  density  problems 
can  be  eased  considerably  if  the  region  of  gain  can  be  made  to  travel  in  synchronism 
with  the  pulse  to  be  amplified.  This  scheme  is  called  traveling-wave  pumping 
and  it  contains  several  advantages.  First,  the  entire  volume  does  not  have  to 
be  pumped  at  one  instant;  the  pumping  energy  delivered  to  the  material  can  be 
spread  over  time  and  space.  Secondly,  a unidirectional  output  beam  is  acquired 
with  no  mirrors,  so  that  the  intensity  within  the  laser  material  is  not  higher  than 
the  output  emission.  Thirdly,  this  method  of  excitation  is  suitable  for 
the  production  of  long  gain  paths,  so  that  the  critical  length  for  ASE 
can  be  met,  at  least  in  principle,  for  low  inversion  densities.  Traveling- 

wave  discharge  techniques  have  already  been  used  successfully  to  produce  high- 
power,  unidirectional  emission  from  nitrogen  [ 4 ] and  hydrogen  [ 15],  [10  ]-[12], 
[229]  molecules.  The  traveling-wave  was  produced  in  a flat-plate  transmission 
line  by  a series  of  synchronous  fast-closing  dielectric  switches.  This  resulted 
in  a fast-rising  high  voltage  transverse  traveling- wave  discharge  which  excited 
the  molecules.  Since  the  closing  interval  of  the  dielectric  switches  can  be 
varied,  the  velocity  of  the  traveling-wave  can  be  adjusted  to  match  the  velocity 
of  the  optical  pulse. 

The  value  of  the  traveling-wave  approach  for  x-ray  lasers  has  been  appreciated, 
but  it  has  somewhat  wrecklessly  been  assumed  that  synchronous  traveling- 
wave  excitation  could  be  produced  with  optical  or  electron  beams  by  simply 
phasing  several  beams  or  by  inclining  the  material  at  an  appropriate  angle 
to  the  beam.  This  approach  must  be  taken  with  extreme  caution.  Casperson 
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and  Yariv  {230]  have  shown  that  the  velocity  of  a pulse  being  amplified  is  a 
function  of  the  gain  and  less  than  c.  If  the  gain  is  uniform,  then  a simple 
inclination  of  the  target  can  produce  a traveling-wave  excitation  that  stays 
in  phase  with  the  pulse  being  amplified.  If  the  gain  is  not  uniform,  the  problem 
becomes  far  more  difficult  and  at  least  some  of  the  gain 

will  not  be  usable.  Consider  a punping  laser  beam  of  circular  cross  section 
with  a Gaussian  radial  intensity  distribution,  focused  by  a cylindrical  lens 
to  irradiate  and  excite  a linear  length  of  material.  The  focal  line  could 
have  a hot  spot  in  the  center  with  a continuous  fall  off  toward  each  end. 

Since  the  gain  would  vary  in  direct  relation  to  the  intensity  distribution, 
the  propagation  velocity  would  vary  greatly  also  and  no  one  angle  would 
produce  amplification  over  the  entire  length.  Even  if  the  beam  had  radial 
uniformity  of  intensity,  the  focusing  of  the  cylindrical  lens  may  not  produce 
uniform  gain.  The  idea  of  phasing  many  laser  heams  on  a cylinder  [231  ] to 

I I - 

compress  a material  to  the  necessary  inversion  density  will  be  plagued  by  the 
non-uniform  gain  that  these  focused  beams  will  produce.  For  gain  at  very  short 
wavelengths  the  excitation  wave  and  the  pulse  being  amplified  must  not  separate 
more  than  3 x 10  5 cm.  The  focusing  of  many  high  power  laser  beams  onto  a 
cylinder  to  maintain  uniformity  on  such  small  spatial  dimensions  is  an 
extremely  difficult  practical  problem. 

In  spite  of  the  cautions  pointed  out  above,  it  may  indeed  be  possible  to 
use  traveling -wave  pumping  with  laser  excitation  sources.  To  do  so  will 
require  carefxil  experimental  design,  where  the  parameters  of  the  lasing  medium 
must  be  known  and  uniform  and  where  the  intensity  of  the  line  focus  of  the  laser 
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has  also  been  designed  to  be  uniform.  These  conditions  are  not  trival  for 
lasers.  It  may  even  be  easier  to  adapt  electron  beams  or  discharges  to  the 
traveling-wave  configuration  as  described  below. 

3)  Electron  Beam  Systems: 

During  the  last  ten  years  electron  beam  technology  has  made  dramatic 
strides  forward  [232],  From  machines  which  previously  emitted  beams  of 
only  a few  amperes,  progress  now  places  current  capabilities  at  megamperes 
and  voltages  as  high  as  12  MeV  for  pulses  in  the  100  ns  range.  The  energy 
storage  to  produce  these  intense  beams  is  in  the  megajoule  region.  It 
is  difficult  to  ignore  these  new  machines  for  the  production  of  shorter  wave- 
length lasers.  Already  electron  beams  with  pulses  as  short  as  one  nanosecon-' 
have  been  used  to  produce  vacuum  ultraviolet  lasers  in  the  rare  gases  at  high 
pressures  and  also  in  hydrogen  (See  Sections  I and  III).  Electron  beams  have 
also  been  used  to  initiate  the  reactions  which  have  led  to  high  nower  chemical 
lasers  and  to  semiconductor  lasers  of  small  size.  In  addition,  focused 

electron  learns  are  being  considered  for  use  in  the  beam-pellet  approach  to 
fus ion . 

For  short  wavelength  laser  research,  electron  beams  coupled  into  lasants 
through  boundaries  such  as  thin  foils  offer  the  potential  advantage  of  a 
shorter  electron  pump  pulse  risetime  not  limited  by  the  collisional  ionization 
time  for  discharge  devices.  To  further  implement  this  concept,  a traveling 
wave  electron  beam  adaptation  of  the  discharge  device  described  above  was 
proposed  [233]  and  a prototype  of  such  a system  is  presently  being  tested  on 
Nj  and  Hj  at  the  U.  S.  Naval  Research  Laboratory.  Once  feasibility  has  been 
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established,  it  is  expected  to  be  scalable  to  higher  energies  and  more  rapid 
operation  than  at  present. 

4)  High  Current  Ion  Beams: 

Recently  new  work  in  the  generation  of  high  current  ion  beams  has  been 
proposed  ana  initial  work  carried  out  t 184) , [234].  Basfd  on  a rather  simple 
modification  to  the  relativistic  electron  beam  machines  already  discussed  above, 
the  possibility  of  10  A pulsed  ion  beams  with  energies  of  0.5  - 10  MeV  has 
been  suggested  by  Sudan  and  Lovelace  [184].  while  the  pulse  width  and  focusing 
limitations  remain,  they  discuss  the  usefulness  of  such  beams  for  heating 

plasmas  to  fusion  temperatures  and  in  nuclear  studies.  It  is  also  useful  to 
speculate  on  the  application  of  such  beams  to  short  wavelength  lasers. 

Some  charge  exchange  experiments  discussed  previously  consider  the  use  of  ion 
beams  to  produce  excited  populations.  The  primary  difficulty  in  these  charge 
exchange  lasers,  i.e.  , a lack  of  intense  ion  sources,  may  be  eliminated  when  these 
new  pulsed  high-current  ion  beams  are  developed.  It  may  be  possible  to 
develop  high-intensity  traveling-wave  ion  beams  for  lasers  by  applying  the 
same  diode  modifications  used  above  to  the  traveling -wave  electron  beam 
me.itioned  above  [233].  High  current  ion  beams  should  find  numerous  uses  in 
the  development  of  short  wavelength  lasers  (See  Section  III.B). 

5)  Exploding  Wires: 

High  intensity  x-ray  emission  can  be  produced  when  the  diodes  of  electron 
beam  machines  are  shorted  by  very  fine  short  wires.  The 

wire  is  vaporized  early  in  the  discharge  and  its  atoms  roach  extreme  stages  of  ionization 
(^51-tJmes)  over  finite  volumes  resulting  in  a copious  flux  of  x-rays  which 
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could  be  used  for  pumping  x-ray  lasers.  Making  the  assumption  that  the 


average  temperature  of  the  exploding  wire  plasma  is  the  same  as  a 100  eV 


blackbody,  Jones  and  All  [175],  [176]  calculate  that  it  may  be  possible  to  pump 


Na  vapor  (Section  m.C)  using  exploding  wires.  One  remaining  question  in 


assessing  the  practicality  of  exploding  wire  pumping  is  the  risetime  of  the 


x-ray  radiation.  If  it  is  as  short  as  0.1  ns  (one  tenth  the  electron  beam 


machine's  risetime),  then  the  Jones  and  All  calculations  6how  that  the  gain 


would  be  sufficient  for  ASE  operation.  If  the  risetime  is  longer,  then  a more 


complicated  experiment  with  some  form  of  resonant  cavity  may  be  needed.  The 


practical  problem  of  designing  this  experiment  is  not  one  to  be  taken  lightly. 


It  is  difficult  to  get  lasing  material  close  to  the  high  voltage  wire,  and 


equally  as  difficult  to  f< cus  the  x-r  lys  at  some  distance.  In  another  numerical 


analysis  of  this  scheme,  Bey  considers  what  might  happen  if  the  pumping  were 


accomplished  in  a traveling-wave  fashion  [ 174] . This  model  assumes  tha’  the 


risetime  of  the  soft  x-rays  follows  the  risetime  of  the  current  and  concludes 


that  ASE  would  not  occur  unless  the  risetime  were  reduced  to  about  2.5  ns  or 


that  the  intensity  were  increased  by  a factor-of-ten.  Considering  the  difficulties 


of  building  an  x-ray  lasir,  these  requirements  for  a 370  A laser  are  not 


far  bayond  present  capabilities. 


B.  Detection  of  Gain 


1)  Concepts i 


The  importance  of  this  subject  can  be  underscored  by  pointing  to  a number  of 


experiments  already  claiming  the  existence  of  very  short  wavelength  laser 


emission  and  the  even  more  numerous  alternative  explanations  of  these  experi- 


ments without  the  existence  of  gain.  The  confusion  already  demonstrated  over 
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short  wavelength  lasers  serves  to  demand  that  experimenter i give  irrefutable 
evidence  of  the  existence  of  gain  in  the  future.  It  is  often  necessary  but 
not_ sufficient  to  infer  lasing  from  small  spots  on  film,  narrowed  lines, 
anomalously  small  absorption  in  a second  medium,  or  non-linear  intensity  effects 
alone.  A definitive  test  for  gain  must  be  performed.  In  the  belief  that  early 
x-ray  lasers  will  likely  be  ASE  devices,  a significant  portion  of  this  paper  has 
been  devoted  to  the  theory  of  these  systems.  This  can  now  be  drawn  upon  to 
give  some  guidelines  for  determining  the  presence  of  gain. 

In  many  experiments  the  detection  of  gain  is  complicated  by  the  fr.ct 
that  its  existence  lasts  for  a very  short  period  of  time--as  short  as 
10  sec!  This  short  burst  of  radiation  may  come  somewhere  early  in  a 
plasma  radiation  process  lasting  nanoseconds  or  longer,  and  may  not  be  resolvable 
with  present  techniques.  In  addition,  many  of  the  characteristics  of  lasers 
with  resonant  cavities  will  not  exist  for  non-cavity  ASE  lasers.  If  gain 
exists  however,  it  will  amplify  a signal  exponentially  as  a function  of  its 
length  unless  it  has  saturated  due  to  the  intensity  of  the  signal.  Therefore, 
a good  test  for  gain  is  to  vary  the  length  and  observe  the  intensity  of  the 
line  in  question.  If  the  strength  of  the  signal  is  such  that  saturation  is 
occurring,  then  the  length  should  be  reduced  until  an  exponential  dependence 
is  observed.  The  gain  coefficient  is  obtained  in  this  manner,  of  course. 

This  method  for  determining  gain  requires  that  the  amplifying  regica  be  defined, 
of  finite  length,  homogeneous,  and  controllable.  In  some  experiments  that  have  been 
proposed  it  may  be  difficult  to  determine  where  the  amplifying  region  may  be  located, 
as  well  as  the  extent  and  uniformity,  and  it  may  be  impossible  to  vary  only 
the  length  of  the  gain  region.  If  this  is  the  case, then  experimental  verification 
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of  laser  action  becomes  very  difficult. 

The  comparison  of  axial  and  transverse  emission  is  a valid  test  for  axial 
stimulated  amplification,  providing  again  that  sufficient  ti.ne  resolution  is 
available  to  discriminate  against  spontaneous  emission  of  longer  duration. 

Other  methods  of  verifying  gain  are  difficult  to  use  with  ASE  systems. 

Line  width  and  beam  divergence  are  sometimes  considered  good  indicators  of  gain, 
but  their  behavior  is  somewhat  complicated  as  shown  in  Section  I.B  . If  length 
can  be  varied,  then  the  intricacies  of  the  line  width  can  be  used  as  support  for 
claims  of  gain.  For  example,  Jaegle,  et  al.  [206]  claim  that  several  soft 
x-ray  lines  are  narrowed  due  to  amplification  in  a two-laser-plasma  experiment. 
While  the  calculations  of  Allen  and  Peters  support  the  existence  of  a line 
width  minimum  just  above  threshold  [85  ],  additional  data,  both  with  more 
amplifying  plasma  and  without  a second  plasma,  would  put  this  claim  of  line 
narrowing  i;.  better  perspective. 

D.  Detectors 

There  are  numerous  techniques  for  detection  of  x-ray  emission.  Photo- 
graphic film  is  available  for  both  the  vacuum  ultraviolet  and  x-ray  regions 
and  is  invaluable  for  recording  images  and  large  quantities  of  spectral  data 
with  limited  (&  1 microsecond  shuttered)  time  resolution.  Electronic  photodetectors 
such  as  photomultipliers,  photodiodes,  ionization  chamber  tubes,  and  semi- 
conductor tubes  are  all  responsive  to  x-radiation  either  directly  or  through 
the  use  of  fluorescent  scintillators,  but  the  time  response  of  these  detectors 
is  limited  to  no  better  than  a few  tenths  of  a nanosecond.  In  addition,  no 
oscilloscopes  are  available  with  risetime  much  faster  than  a few  tenths  of  a 
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nanosecond,  so  that  conventional  methods  of  observation  are  not  available  if 

very  short  x-ray  laser  pulses  are  produced.  While  some  sampling  techniques  exist  [2351, 

a more  useful  device,  a picosecond  x-ray  streak  camera,  has  recently  been 

developed  [2361.  The  operation  of  this  streak  camera  is  sufficiently  important 

for  further  discussion. 

In  general,  the  x-ray  streak  camera  utilizes  the  image  converter  tube  in 
which  photons  incident  on  a photocathode  liberate  electrons  which  in  turn 
are  fo  used  onto  a phosphor  to  reproduce  the  image  falling  on  the  photo- 
cathodi . While  the  electrons  are  in  transit,  they  can  be  deflected  to  move 
the  image  across  the  output  phosphor  producing  a streaked  image.  This  image 
can  be  increased  in  brightness  by  using  stages  of  image  intensifier  tubes 
behind  the  streak  tube  until  sufficient  brightness  for  photographic  recording 
exists.  Actually  these  techniques  have  been  used  for  some  time  to  make  pico- 
second cameras  for  infrared  laser  pulse  measurement.  The  important  develop- 
ment which  allowed  x-ray  operation  was  the  construction  of  a stable  x-ray-sensitive 
photocathode.  In  one  design,  the  cathode  is  made  by  depositing  100  A of  gold 
on  the  back  of  an  8 4m  thick  beryllium  vacuum  window  [23  i].  X-ray  photons  in  the  1 - 
10  keV  (12  - 1.2  A)  range  are  .ble  to  penetrate  the  beryllium  foil  and  liberate 
electrons.  The  maximum  time  resolution,  limited  by  the  transit  time  dispersion, 
is  presently  about  50  psec.  Other  cameras, designed  to  be  operated  entirely  in 
a vacuum  environment,  use  only  a gold  cathode  without  a window  and  are  usually 
attached  directly  to  a vacuum  spectrograph  for  vuv  and  soft  x-ray  detection 
purposes. 
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V.  NON-LINEAR  SHORT  WAVELENGTH  TECHNIQ  TS 
While  most  of  this  paper  deals  with  techniques  for  the  direct  production 
of  vacuum-uv  and  x-ray  emission,  it  would  not  be  complete  without  the  inclusion 
of  the  new  and  promising  techniques  for  converting  high  power  infrared  and 
visible  signals  into  the  vacuum-uv  ano  x-ray  regions  by  using  non-linear  optical 
techniques.  Some  of  the  attractive  features  of  pulses  obtained  by  the  non- 
linear techniques  are  that  the  pulses  maintain  the  temporal  and  spatial 
characteristics  of  the  original  infrared  pulsei  and  that  tunability  is  some- 
times possible.  An  infrared  pulse  at  1.06  pm  having  a width  of  30  psec  and  a 
good  beam  divergence  can  emerge  after  the  non-linear  stages  as  a 1773,  1182, 
or  887  A pulse  still  possessing  good  beam  quality  and  still  30  psec  wide. 

In  addition  to  the  discrete  frequencies  available  from  harmonic  generation, 
other  non-linear  mixing  techniques  are  also  available  which  allow  the  mixing 
and  summing  of  tunable  laser  frequencies  to  produce  tunable  output  signals  in 
the  vacuum-uv.  The  possibility  of  extending  these  techniques  to  produce 
soft  x-rays  appears  real  and  the  fundamental  concepts  have  already  oeen 
explored. 

A.  Third  Harmonic  Generation 

Under  the  influence  of  extremely  intense  optical  fields  the  polarization 
of  a material  becomes  a r.on-llnear  function  of  the  electric  field,  i.e.. 


p=  cq(x(1)e  + x(2)e2  + x(3)e3  + •••) 


(24) 


where  Cq  is  the  permittivity  of  free  space  and  X^  ^ is  the  linear  and  X » 
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X'  ' are  the  non-linear  components  of  the  susceptibility.  The  polarization 
becomes  a source  term  in  the  wave  equation  and  the  non-linear  components 
give  rise  to  harmonic  frequencies.  The  amplitude  of  the  harmonics  depends 
upon  the  magnitude  of  the  non-linear  susceptibility  terms.  Second  harmonic 
generation  is  possible  in  crystals  which  posses  no  inversion  symmetry,  but 
for  the  generation  of  short  wavelengths,  such  crystals  with  useful  vuv  trans- 
mission are  difficult  to  find.  The  transmission  problem  is  even  moie  severe  in  liquids. 
Gases  possess  the  required  transmission  and  have  the  added  advantage  of  being 
self-repairable  at  damaging  laser  intensities,  but  the  lack  of  asymmetry 
requires  the  generation  of  third  (or  higher  odd)  harmonic  frequencies  (237], 

Harris  and  Miles  [238]  were  the  first  to  propose  third  harmonic  generation 
in  metal  vapors.  The  third  harmonic  susceptibility  term  as  given  by  Armstrong, 
et  al.,  [239]  is  given  as 
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where  the  are  frequency-dependent  coefficients  with  resonant  Isnominators 

at  (uu  - ui),  (U)  - 2tu) , and  (U)  - 3tu) , where  uj  is  the  fundamental  laser 

BP  BP  BP 

frequency,  uu  corresponds  to  atomic  transition  frequencies  to  ground, 

BP 

and  the  Z terms  are  the  dipole  matrix  elements.  Harris  and  Miles  recognized 
that  by  operating  near  the  atomic  resonances  the  susceptibility  could  be 
significantly  increased.  Calculations  of  third  order  susceptibility  for 
the  alkali  metal  vapors  have  been  carried  out  by  Miles  and  Harris  [240]  as 
a function  of  wavelength.  A typical  graph  for  Rb  is  shown  in  Fig.  21. 
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Miles  and  Harris  also  calculate  the  conversion  efficiency,  the  ratio 
cf  third  to  first  harmonic  power,  in  terms  of  a factor  I which 

accounts  for  focusing  and  dispersion,  the  alkali  atom  density,  N, in  atoms/cm  , 
the  non-linear  coefficient,  in  ESU,  and  the  incident  wavelength,  in  cm. 

The  conversion  efficiency  becomes 


8.215  x 10~2  N2  [X(3)]2  III2  [P(1)l2. 

.4 


Under  the  focusing  conditions  where  the  confocal  beam  parameter  b,  is  much 

2 

greater  than  the  length  L of  the  vapor  cell,  the  I term  reduces  to 
(4L2/b2)  sine2  (AkL/2)  where  the  wave  vector  mismatch,  Ak  = (6it/X)  (n^  - n^)  . 

In  order  to  take  advantage  of  the  length  of  the  cell,  the  index  of  refraction 
n^  fit  3iu  must  equal  the  index  of  refraction  n^  at  U).  This  is  th.">  condition 
of  phase  matching.  Phase  matching  in  gas  vapors  can  be  accomplished  by 
adding  an  additional  gas  with  opposite  dispersion  to  the  metal  vapor.  This 
technique  is  similar  to  the  technique  demonstrated  by  Bey,et  al.,  [241] 
in  liquids.  The  addition  of  xenon  to  the  alkali  atoms  would  enable  phase 
matching  to  be  achieved  according  to  the  calculations  of  Miles  and  Harris  [238]. 

The  experimental  verification  of  the  proposed  third  harmonic  generation 
in  Rb  vapor  was  reported  by  Young,  et  al.  [242],  This  experiment  was  performed 
with  100  kW  Q-switched  pulses  at  1.064  ym.  At  a Rb  temperature  of  262  °C  and 
a Xe:Rb  ratio  of  412:1,  phase  matching  was  accomplished  in  the  19  cm  long 
Rb  cell,  resulting  in  an  improved  power  of  33-times  the  non-phase-matched 
case  or  an  output  power  of  0.1  mW  at  3547  A.  Having  demonstrated  the 
process  of  phase-matched  third  harmonic  generation,  the  technique  was 
refined  and  extended  into  the  vacuum-uv  [243],  Cd  vapor  was  employed  for  it. 


negative  dispersion  and  strong  non-linear  susceptibility  at  vuv  wavelengths. 

The  experimental  apparatus  is  shown  in  Fig.  22.  This  experiment  uses  the 

increased  power  of  a mode-locked  laser  and  amplifier  which  produced  50  psec 

pulses  with  a total  peak  power  of  20  MW.  A KDP  crystal  is  used  to  double 

the  frequency  to  5320  A with  an  efficiency  of  up  to  807..  For  portions  of 

the  experiment  requiring  3547  A radiation,  a second  type  II  phase-matched 

KDP  crystal  was  used  to  sum  the  1.064  ^m  with  the  5320  A radiation  yielding 

3547  A radiation  with  an  overall  efficiency  of  about  107..  For  tripling,  the  Cd  vapor 

was  contained  in  a heat-pipe  to  which  argon  was  added  in  order  to  phase- 

match  with  the  fundamental  frequency. 


Table  III  summarizes  the  three  experiments  whic  i were  perfonned.  Energy 


conversion  efficiency  varies  from  IO-4  to  10-7,  but  higher  efficiencies  may 


be  expected  from  longer  vapor  cells  and  highr.-  power  densities,  provided  metal 
vapor  absorption  does  not  cause  the  process  to  saturate. 


TABLE  III 


Summary  of  VUV  Harmonic  veneration  Experiments  Via  Cd  Vapor  [243] 


Input 

wavelengths 

(A) 

Generated 

wavelength 

(A) 

Coherence  length 

17  3 

at  10  atom/cm 

(cm) 

Phase-matching 

ratio 

N„  ,:N. 
cd  Ar 

Energy 

conversion 

efficiency 

x(3) 

(esu/atom) 

5320 

1773 

-0.57 

1 : 25 

io’4 

2 x IO"34 

2 X 3547+  10640 

1520 

-0.23 

1 : 15 

io-6 

2 x 10'33 

3547 

1182 

• • • 

1 : 2.5 

10-7 

« « « 

In  more  recent  work,  improved  efficiencies  were  indeed  accomplished  by  using  a 
concentric  double  heat  pipe  to  obtain  higher  vapor  pressures,  and  longer  cell 
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length  and  by  using  greater  power  density  [244),  [245).  By  using  a 30  psec 
pulse  of  about  300  1W  focused  into  the  40  cm  double  vapor  heat  pipe  to  produce 
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power  densities  of  10  - 10  V/cn  in  a Rb:Xe  mixture,  a conversion  efficiency 


of  107,  has  been  achieved  in  the  conversion  of  1.064  to  3547  A radiation. 


As  yet  there  is  no  indication  whether  comparable  improvements  can  be  expected 


in  the  vacuum  ultraviolet  up-conversion.  Some  improvement  in  the  generation 


of  1182  A radiation  has  been  reported  by  Rung,  et  al.  [246)  by  using  the  negative 


dispersion  and  decreased  absorption  found  in  Xe  by  operating  slightly  above 
the  frequency  of  the  strong  1192  1 transition.  By  replacing  the  metal  vapor 
cell  of  Fig.  22  with  a Xe:Ar  gas  cell  and  by  very  tight  focusing  into  the 
gas  mixture  to  attain  power  densities  of  about  6.3  x 1012  V./cm2,  an  optimum 
conversion  efficiency  of  about  2.8?,  is  obtained  for  the  conversion  of  3547  A 
radiation  to  1182  A radiation.  Further  improvement  to  as  much  as  207. 


efficiency  is  predicted  at  higher  input  power  levels  if  the  theoretical  model 
does  not  break  down.  The  shortest  wavelength  (887  A)  was  generated  by  these 


techniques  by  tripling  the  2660  1 radiation  obtained  from  twice  doubling 
1.064  fim  radiation.  The  887  A radiation  is  obtained  without  phase  matching 


in  Ar  gas  and  with  an  efficiency  of  only  about  10~2. 


B.  Tunable  Coherent  VUV  Generation 


Tunable  vacuum-uv  signals  can  be  obtained  by  utilizing  the  general  case 


of  resonance  enhancement  of  the  non-linear  susceptibility.  Since  only  two 


photons  are  necessary  to  achieve  resonance  in  Eq.  25,  the  third  photon  has  no 


constraint  on  its  frequency  and  can  be  tunable.  This  was  exploited  by  Hodgson, 


et  al.  [247J,  who  used  two  tunable  dye  lasers  synchronously  pumped  by  one  Nj 
laser  as  shown  in  Fig.  23.  These  two  laser  frequencies,  and  Vj.were  tuned 
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so  that  2v^  coincided  with  a double-quantum  allowed  transition  in  Sr  vapor. 

With  then  fixed  on  the  Sr  resonance,  v2  can  be  varied  over  a wide  frequency 
range  and  the  output  of  the  Sr  cell  is  the  sura  frequency,  2v^  + v2»  For  the 
lasers  used  in  this  experiment  the  conversion  efficiency  from  visible  to 
vacuum-uv  was  on  the  order  of  lo'5.  Xenon  was  added  to  the  strontium  vapor 
to  phase  match.  Studies  of  the  autoionizing  levels  of  strontium  were  also 
conducted  [248]. 

A very  similar  idea  was  also  proposed  by  Harris  and  Bloom  [249]  using  a 
dye  laser  and  a parametric  oscillator.  The  experiment  was  carried  out  by  Bloom, 
et  al.  [250]  for  the  generation  of  near  ultraviolet  radiation  and  by  Kung  [251] 
for  the  generation  of  tunable  picosecond  vuv  radiation.  In  the  latter  experi- 
ment, a 30  psec  1.064  jan  pulse  is  doubled  twice  to  produce  the  2660  A fourth 
harmonic  frequency.  This  radiation  serves  as  an  input  to  an  ADP  crystal  with 
a controlled  temperature  which  generates  signal  and  idler  frequencies.  These 
signals  are  amplified  further  in  a second  ADP  crystal  and  then  tightly  focused 
into  a Xe  cell.  Using  a combination  of  such  third  order  processes  as  sum 
generation,  difference  generation  or  third  harmonic  generation,  along  with 
the  different  combinations  of  pump  (2660  A),  and  tunable  signal  idler  frequencies, 
tunable  radiation  over  the  region  from  1180  A to  1946  A can  be  observed.  Swn 
generation  is  particularly  sensitive  to  the  conditions  of  focusing.  These 
conditions  have  been  treated  in  detail  by  Bjoklund  [252].  Fig.  24  shows  all 
the  ranges  over  which  tunability  has  been  obtained. 

To  surnnar  ize , there  are  several  closely  related  experimental  techniques 
which  have  the  potential  of  producing  tunable  vuv  emission  from  2000  A to  at 
least  1100  A and  probably  much  lower.  In  both  the  experiment  of  Hodgson,  et  al. 
and  Kung  the  conversion  efficiency  was  low  (10‘7)  and  the  output  power  on 
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the  order  of  1 W.  It  is  likely  that  improvement  in  these  figures  will  result 
in  the  future. 

C.  Possible  Shorter  Vfaveli  .gths 

Because  the  non-linear  up-conversion  process  preserves  the  coherence 
of  the  original  driving  wavelength,  there  is  an  attractiveness  to  use  the 
non-Unear  process  in  generating  soft  x-rays.  Two  processes  have  been 
considered:  1)  using  higher  harmonics,  and  2)  amplifying  and  using  third 
harmonic  processes.  Harris  [253],  [254]  ha.  proposed  experimental  processes  using 
5th,  7th  and  15th  harmonics  to  reach  as  low  as  169  A.  Lithium  ion's  are  proposed  for 
the  non-linear  generation  in  the  soft  x-ray  region  and  tight  focusing  will  be  required 
Table  IV  shows  the  proposed  processes  , the  limiting  power  flux,  and  the  theoretical 
efficiencies. 


TABLE  IV 

Limiting  power  density  and  conversion  efficiency 
for  some  higher-order  nonlinear  processes  [254] 


Efficiency 

Process 

Speci« 

(W/cm2) 

(7.) 

5320  A -r  3 -+  1773  A 

Xe 

1.9  X 1012 

0.08 

5320  At5-»  1064  A 

Xe 

1.9  X 1012 

0.05 

1182  A -f  5 -»  236  A 

Li+ 

1.7  X 1015 

0.002 

1182  A -r  7 -♦  169  A 

Li+ 

1.7  X 1015 

0.004 

2660  A -h  15  ->  177  A 

Li+ 

3.5  X 1015 

4 X i0-7 
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The  second  approach  proposes  the  use  of  those  existing  vuv  lasers  as  amplifiers 
for  the  up-converted  pulses  so  that  other  stages  of  non-linear  generation  can 
be  used.  For  example,  if  a tunable  picosecond  pulse  at  1161  A could  be  amplified 
by  the  hydrogen  laser,  the  tripling  process  could  generate  387  A radiation.  The 
rare  gas  molecule  lasers  could  a'  u !».  used  as  amplifiers.  Non-linear  optical 
processes  are  likely  to  play  a very  important  part  in  further  short  wavelength 
laser  development. 


D • Non-linear  Techniques  at  X-Ray  Frequencies 

In  anticipation  of  the  development  of  x-ray  lasers,  Eisenbeiger  and 
McCall  [255],  [256]  worked  out  the  theoretical  details  of  the  mixing  of 
optical  and  x-ray  photons  and  have  observed  x-ray  parametric  conversion  using 
spontaneous  x-ray  photons.  These  techniques  can  be  used  to  tune  the  frequency 
of  x-ray  lasers  just  as  they  are  presently  used  for  tuning  in  the  visible. 

If  sufficient  x-ray  laser  intensity  can  be  generated,  efficient  generation 
of  tunable  x-ray  laser  photons  can  be  produced.  It  must  be  realized  that  the 
addition  of  optical  photons  and  x-rays  would  not  produce  a very  large  change 
in  the  x-ray  frequency.  Other  techniques  which  may  be  possible  are  the 
frequency  down -conversion  of  two  x-ray  beams  to  produce  visible  radiation 
or  the  addition  of  two  visible  photons  with  one  x-ray  photon.  Under  ideal 
conditions  it  may  even  be  possible  to  use  these  mixing  techniques  to  assist 
in  the  detection  of  an  x-ray  laser  pulse. 

® • Non-Linear  Optics  with  Inelastic  Collision  Resonances 

In  a recent  paper  [257],  Harris  and  Lidow  propose  resonant  energy  coupling 
between  atoms  which  is  induced  by  photons  and  in  which  energy  is  conserved  by 
optical  photons  instead  of  kinetic  properties.  In  essence,  resonant  multiphoton 
absorption  in  one  atom  is  followed  by  resonant  coupling  absorption  for  a second  atom, 
with  the  associated  transfer  of  excitation  energy.  Large  effective  cross  sections 
are  derived  and  examples  s rc  given. 
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VI.  APPLICATIONS 
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In  most  of  the  papers  referenced  to  this  point,  there  is  only  a sentence 
or  two  devoted  to  : ' intial  applications  of  vacuum-uv  or  x-rr.y  laser  beams 
(two  exceptions  are  1 186  j and  [258]).  This  reflects  the  general  attituoe 
in  the  scientific  community  that  probably  the  most  important  applications 
of  an  x-ray  laser  beam  will  develop  after  a useful  device  has  arrived  and 
will  depend  to  a significant  extent  upon  the  characteristic  of  the  particular 
device  that  proves  most  feasible.  For  examples,  a sub -picosecond  device 
could  open  up  new  arias  in  stop-motion  radiography,  while  a highly  coherent 
device  will  offer  more  promise  for  interferometric  techniques.  This  attitude 
of  lnvent-it-now,  enply-it- later  is  neither  unreasonable  nor  unpre  edented 
in  the  laser  field,  or  for  that  matter  in  other  fields  such  as  solid  state 
physics.  Indeed,  it  would  seem  most  unwise  at  this  point  to  attempt  to 
narrowly  channel  approaches  toward  very  specific  applications  while  many 
basic  physical  approaches  to  pumping  of  meaningful  populations  inversions  are 
still  being  explored  on  a rather  fundamental  scale. 

Nevertheless,  it  is  helpful  and  useful  to  periodically  assess  the 
long  range  applications  foreseen.  An  excellent  example  is  the  1973  "pre- 
CLEA"  symposium  and  the  summaries  [ 178]  which  brought  to  focus  the  near  term 
applications  for  materials  analyses.  Those  applications  requiring  greater 
laser  penetration  (e.g.,  weapons)  were  placed  in  the  more  distant  future 
with  later-generation  devices. 

Some  features  associated  with  short  wavelength  radiation  from  a source 
with  laser  characteristics  are  indicated  in  Fig.  25  as  a function  of  wave- 
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length  X and  corresponding  photon  energy  hv.  The  wavelengtn  scale  is  also 

labeled  with  existing  laser  progress.  It  is  interesting  to  note  that  progress 

in  the  last  three  years  has  mainly  advanced  by  the  optical  mixing  techniques 

(see  Section  V)  from  1182  A to  887  A;  this  nphasizes  the  long  road  ahead  if 

the  x-ray  region  is  to  reached  systematically,  as  would  seam  most  likely  at 

present.  The  nuclear  (''-ray) /atomic  (x-ray)  interface  at  approximately  0.1  A 

is  anticipated  by  the  short  wavelength  Lyman-»  limit  for  ionized  heavy  atoms. 

4 

It  will  be  recalled  from  Section  II  that  the  Id  - times  wavelength  step 

indicated  corresponds  approximately  to  1012  in  gain  and  10  in  pump  power. 

Thus  the  quite  natural  turn  to  high  power  laser  and  electron  beams  under 

current  development  in  other  research  areas  (such  as  pellet  fusion)  for 

concentrated  pump  power  sources.  The  interaction  is  expected  to  be  bilateral; 

i.e.,  short  wavelength  lasers  may  be  necessary  for  both  efficient  heating  and 

26  -3 

for  diagnostics  of  the  extremely  high  density  (~  10  cm"  ) compressed  plasmas 
associated  with  pellet  fusion  approaches,  simply  because  of  the  more  penetrating 
character  of  the  radiation.  This  is  illustrated  at  the  top  in  Fig.  25, 
where  the  critical  electron  plasma  densities  are  indicated;  only  shorter  wave- 
lengths will  penetrate  at  each  of  these  densities.  Thus  it  becomes  doubly 
clear  why  so  much  activity  in  short  wavelength  laser  research  is  done  at 
laboratories  also  active  in  pellet-fusion  programs . 

A.  Propagation 

The  long-wavelength  applications  indicated  in  Fig.  25  involve  surface- 
photon-produced  effects  requiring  low  penetration  [ 259].  Spectroscopy  from 
surfaces  can  illuminate  features  without  the  damage  of  penetrating  beams. 


213 


"XT' 


) 


I 


J 


Cancer  research  may  benefit  here,  for  example.  Penetration  of  thin  biological 


membranes  begins  on  a useful  scale  at  about  100  A.  A short  burst  of  intense 
directional  soft  radiation  could  advance  this  area  of  research  where  higher 

photon  energy  radiation  would  neither  provide  contrast  in  thin  samples  nor 

I 

time  resolution  for  step-motion  studies. 

Between  1 and  1C  A the  atmosphere  transmits  at  the  1/e  level  for  various 
distances  as  indicated  in  Fig.  25.  Here  one  can  begin  to  consider  x-ray 
microscopy  on  living  tissue  without  a vacuum  environment.  At  1 A,  absorption 
(mainly  due  to  photoionization)  takes  place  in  about  10  meters  of  path, 
unless  bum-through  at  high  flux  levels  by  non-linear  effects  can  be 

invoked  to  enhance  the  transmission  [260].  For  the  near  term  then,  it  is 
indeed  appropriate  to  consider  applications  that  either  require  short  paths 
or  else  can  function  in  a laboratory  vacuum  or  extraterrestrial  environment  of 
low  absorption. 

At  the  shorter  wavelengths  in  Fig.  25,  penetration  of  solid  materials 
will  become  possible  with  more  selectivity  and  with  a more  specific  interaction 
than  an  electron  beam  thereby  cresting  a lower  background  level.  The  fascinating 
"miniac"  [ 261 1 , miniature  electron  accelerator,  operating  in  crystals  on  discrete 
impulses  from  metastable  atomic  states  and  on  atomic-length  scales  would 
deserve  more  serious  consideration.  This  has  been  proposed  as  a 1 cm  version 
of  the  two  Title  Stanford  linear  accelerator  (S1AC)  in  the  rather  far-off  world 
of  microminiaturization.  A coherent  pump  source  of  penetrating  radiation, 
such  as  afforded  by  the  x-ray  laser,  is  required.  Also,  the  generation  and 


I 

manipulation  of  damaging  dislocations  in  crystals  can  be  considered  [178] . 


B.  Collimation 


Many  of  these  applications,  given  very  broad-brush  treatment  here,  require 
the  intense,  collimated  characteristics  of  an  ASE  device.  This  will  be  the 
most  likely  first  generation  "laser"  produced  in  the  soft  x-ray  region.  Into 
this  category  fall  plasma  heating  and  (scattering)  diagnostics,  photoelectron 
spectroscopy,  microphotography  of  thin  samples,  and  damage  effect  studies. 

Also,  x-ray  lithography  [262]  could  become  much  more  useful  with  an  intense 
collimated  beam.  It  can  be  argued  that  scaling  of  other  more  conventional 
x-ray  sources  to  higher  power  ray  prove  just  as  useful  and  perhaps  sooner. 
Collimation  may  be  provided  by  either  (grazing  incidence)  concave  mirrors, 
tapered  cylindrical  grazing-incidence  lenses  [263],  Fresnel  zone  plates 
[ 264 1 - f 266 1 or  even  waveguides  [2671.  The  collection  and  collimation  will 
never  be  as  great  as  that  with  the  laser,  and  huge  losses  are  to  be  expected; 
however  it  could  be  a solution  to  some  immediafu  demands.  The  optics  developed 
for  collimating  conventional  x-ray  sources  c >uld  become  useful  for  future  laser 
cavity  designs  when  the  requirements  are  better  formulated  for  the  most 
promising  laser  approaches. 

C.  Short  Pulse 

An  x-ray  laser  operating  in  the  sub-nanosecond  (to  femtosecond)  region 
could  immediately  surpass  the  time-resolving  capabilities  of  any  conventional 
x-ray  source  foreseen.  This  would  come  about  by  the  rapid  self-terminating 
nature  of  the  laser.  A time  resolution  on  such  scales  is  not  even  envisioned 
as  a need  at  present,  except  in  the  pellet  fusion  area  where  measurements  of 
changes  in  plasma  parameters  on  picosecond  time  scales  are  desired.  Flash 
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radiography  of  crystal  motions  under  shocked  conditions  is  another  application 
[178].  Also  relaxation  and  fluorescence  studies  could  be  extended. 

D.  Coherence 

One  of  the  most  important  characteristics  of  any  laser  is  the  coherence 
quality  of  the  beam.  Without  resonant  cavities  ASE  devices  may  indeed  be 
limited  in  coherence.  Thus  the  non-linear  optical  frequency  multiplication 
techniques  are  important  for  transferring  coherence  to  the  short  wavelength 
region  and  can  be  .ised  in  parallel  with  efforts  to  develop  amplifiers  to  re- 
cover the  power  lost  in  the  non-linear  mixing  devices.  Coherence  will  be 
vital  to  the  miniature  accelerator  idea.  Furthermore  it  may  allow  stop-motion 
holographic  microscopy  and  image  projection  with  sufficient  penetration  for  pellet 
fusion  plasmas,  biological  specimens,  large  and  complex  molecules  and  other 
materials.  While  there  is  some  debate  at  present  as  to  the  degree  of  resolution 
possible,  already  Fraunhofer  far-field  holography  of  < 1.0  ^m  spheres  (approaching 
virus  size  [178])  with  a single  beam  of  12  ps  duration  has  been  accomplished 
at  1182  A with  a frecuency-upconverted  beam.  Also,  a holographic  grating  with 
826  A spacings  has  been  produced  and  analyzed  (Fig.  26)  [254],  [268].  Holograms 
obtained  with  vuv  wavelengths  and  reconstructed  with  visible  laser  light  offer 
the  promise  of  enlargement  according  to  the  wavelength  ratio  of  the  two  beams 
[268],  phase  contrast  microscopy,  though  difficult,  could  improve  contrast 
for  objects  with  slight  variations  in  index  of  refraction  (n  ^ 1)  for  radiation 
[178],  Such  advanced  investigations  are  most  appropriate  as  coherent  beams 
become  available  at  decreasing  wavelengths,  even  though  the  power  available 
will  be  low  at  the  outset. 

E.  Monochromaticity 

Most  "conventional"  high  emittance  x-ray  sources  such  as  produced  by 
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pulsed  relativistic  elec  ron  beams,  vacuum  sparks,  exploding  wires,  etc., 
radiate  as  continuum  and/or  multi-line  source?.  Discrete-line  sources  or 
the  utilization  of  dispersing  elements  result  in  greatly 

reduced  emission  levels.  An  x-ray  laser  would  emit  intense  monochromatic 
emission  which  could  be  well  focused  for  good  resolution  without  chromatic 
aberrations  (e.g.,  with  a Fresnel  lens).  Also,  such  applications  as  crystal 
topography  which  depend  on  Bragg  diffraction  could  benefit  by  a monochromatic 
beam  of  short  duration  for  dislocation  tracing  on  a temporal  basis. 
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VII.  PROGNOSIS  AND  SUWaRY 

The  recent  interest  and  activity  in  short  wavelength  laser  research  is 
chronologically  illustrated  in  Fig.  26.  compiled  from  those  references  in  the 
present  article  pertaining  directly  to  x-ray  laser  schemes.  A rather  sudden 
upturn  in  activity  beginning  in  1970  can  be  associated  with  a number  of 
factors,  including  the  attention  given  to  high  intensity  pump  source  develop- 
ment for  the  pellet  fusion  programs.  This  pumping  requirement  was  already 
identified  in  the  1960's  as  a prerequisite  for  serious  x-ray  laser  research, 
but  could  be  justified  only  on  the  scale  required  by  the  potential  payoff 
of  fusion  power.  Added  to  this  is  the  impetus  given  by  the  apparent  quick 
success  at  the  University  of  Utah  [215];  the  momentum  generated  by  the 
c jntroversy  surrounding  this  experiment  still  can  be  felt.  Much  of  the  activity 
during  the  period  immediately  following  the  Utah  activity  could  be  consid  red 
a positive  contribution  of  the  bold  efforts  of  this  group.  The  period  of  peak 
activity  around  1973-1974  may  be  largely  attributed  to  an  abundance  of  activity 
and  advancements  in  specific  areas  (such  as  the  recombination  and  molecular 
excimer  approaches)  which  will  probably  level  off  as  various  groups  pursue 
these  approaches  to  further  development.  At  this  point  the  most  promising 
schemes  are  identified,  in  general  terms  at  least,  and  advances  in  the 
near  future  will  be  more  methodical.  Some  areas,  such  as  the  efficient  use 
of  metastable  levels  for  the  temporary  storage  of  populations  at  excited 
energies  and  the  efficient  coupling  of  strong  line  radiation  for  preferential 
pumping  of  specific  levels  will  probably  be  advanced  soon  for  more  efficient 
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pumping  with  available  power  sources.  Large  cross-section  reactions  such  as 
resonance  charge  transfer  will  continue  to  attract  the  attention  deserved  for 
promising  high  pumping  efficiency.  Coherence  in  recognized  as  a necessary 
characteristic  of  an  x-ray  laser  beam,  and  efforts  to  extend  frequency  up- 
conversion  of  coherent  beaus  using  non-linear  mixing  in  vapors  and  plasmas 
will  undoubtedly  be  vigorously  pursued  since  these  processes  are  independent  of 
the  development  of  high-power  pump  sources.  The  necessary  power  at  short  wave- 
lengths for  stimulating  additional  non-linear  processes  may  come  either  through 
amplification  by  ASE  devices  or  through  increased  initial 
energy  and  pulse  compression  techniques.  Coherence  with  cavities 

at  short  wavelengths  may  also  be  advanced  by  the  development  of  x-ray  optics  for 
other  more  immediate  sources. 

It  is  important  to  further  develop  the  tunable  nature  of  vuv  and  x-ray 
lasers  both  for  reaching  atomic  resonances  in  non-linear  devices  and  for 
providing  the  transfer  lasers  required  for  pumping  (over  relatively  narrow 
energy  gaps)  of  metastable  "storage”  levels.  For  example,  it  may  be  necessary 
to  couple  a tunable  vuv  laser  in  the  1700  A region  with  a xenon  excimer 
amplifier  to  provide  sufficient  power  to  transfer-pump  a helium-like  ion,  such 
as  06*  from  a metastable  state  to  an  allowed  decay  state.  This  could  then 
lead  to  ASE  amplification  of  another  up-converted  beam  in  the  soft  x-ray  region 
This  example  illustrates  one  ’./ay  in  which  the  interplay  of  the  various 
presently-considered  approaches  could  work  together  in  the  not-too-distant 
future  to  produce  a useful  coherent  soft  x-ray  laser  beam. 
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In  summary,  progress  in  short  wavelength  laser  research  has  been  most 
impressive  in  identifying  reasonable  approaches  to  follow  consistent  with  the 
development  of  increasingly  powerful  pumping  sources.  Advancements  in  non- 
linear  mixing  and  their  initial  application  are  impressive.  Population  in- 
versions in  plasmas  following  recombination  have  been  reported  by  two  groups. 

We  can  look  forward  in  the  next  few  years  to  advancements  in  both  the  generation 
of  coherent  beams  at  shorter  wavelengths  by  up-conversion  and  the  achievuent 
of  population  inversion  by  direct  methods  in  experiments  leading  to  significant 
amplification  at  short  vuv  and  soft  x-ray  wavelengths.  The  advances  will 
result  from  clever  and  diligent  pursuit  of  experiments  using  refined  pump 
sources  and  further  careful  analysis  of  the  fundamental  ideas  given  here. 
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FIGURP  CAPTIONS 


Fig.  1.  Short  wavelength  transmission  cutoff  vetsud  temperature  for  various 
optical  materials  [58]. 

Fig.  2.  Simplified  drawing  of  the  puckered  ring  resonator  [62). 

Fig.  3.  X-ray  resonator  cut  from  a single  crystal  [63], The  arrows  show  x-rays 
entering  and  exiting  the  resonator. 

Fig.  4.  X-ray  resonator  and  possible  amplifier  using  several  Bragg  reflections  f64]. 
Fig.  5.  Schematic  defining  nomenclature  of  the  simple  three-energy-state 
system  referred-to  in  the  text  and  originally  defined  in  [86].  Pumping  occurs 
from  state  1 to  2;  lasing  from  2 to  3;  and  losses  from  2 to  n and  lower  state 
depopulation  from  3 to  m.  Replenishment  of  state  1 can  occur  for  n * 1 , 
ra  «*  1 or  through  m to  1 transition?. 

Fig.  6.  Output  intensity  versus  length  for  three  different  inversion  densities 
when  the  system  is  operated  with  a resonator  (laser)  and  without  a resonator 
(ASE)  [85]. 

Fig.  7.  Spectral  distribution  versus  length  a’  calculated  by  Allen  and 
Peters  for  an  nSE  system.  Deviations  from  the  earlier  theory  of  Yariv  and  Leite 
are  shown  for  several  values  of  a term  in  the  numerical  calculation.  The 
case  of  “ 0 is  that  of  no  saturation  whereas  ^ 0 is  that  of  some  saturation 
of  the  amplifier  [85], 

Fig.  8.  Estimates  of  line  widths  for  K»  type  transitions  versus  wavelength 
X,  with  natural  (A).  ) , Doppler  (A)  ) and  Stark  (AX  ) effects  included.  The 
decrease  in  natural  broadening  with  ionization  is  indicated  by  circles  for 
neon;  and  hydrogenic  and  helium-like  ionic  species  are  included  [96]. 
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Fig.  9.  Mean  particle  densities  (solid  and  dashed  lines)  versus  wavelength 

for  selected  puirping  mechanisms  and  for  a gain  factor  of  <y=5  'cv=0.1  for  ion 

beams).  Stark  broadening  becomes  important  for  large  charged  particle  densities 

(same  scale)  in  the  region  above  the  dotted  line,  also  a region  of  approaching 

collis iona 1 equilibrium.  Collisional  recombination  is  plotted  for  fixed 
21  -3 

Ne“10  cm  and  terminates  at  ~15  A due  to  dominance  of  radiative  recombination 
to  lower  levels  [106]. 

Fig.  10.  Time  dependence  T(t)  of  inversion  density  AN23  for  the  fast  rise 
pumping  case.  Positive  values  indicate  net  gain;  negative  values  loss.  For 
R2n  sma11*  t2w  R23  > the  laser  transition  upper-state  lifetime.  The  G = 0 
case  is  also  the  case  for  self-d.pleting  final  laser  states  where 

=*•  R23  + R2„  [861' 

Fig.  11.  Time  dependence  T(t)  of  the  inversion  density,  AN23,  for  the  fast- 
rise  pumping  case  and  for  G*1  only.  Positive  values  indicate  net  gain;  negative 
values  loss.  For  R2n  small,  sa  R23>  the  laser  transition  uppe-  state  life- 
time. The  effect  of  a lower  laser  state  deoletion  rate  R_  exceeding  t”1 

Jn  2 

on  the  steady  state  inversion  density  is  indicated  for  long  times. 

Fig.  1?,  Simplified  potential  energy  versus  internuclear  distance  of  several 
molecules.  Both  nitrogen  (a)  and  hydrogen  (b)  are  stable  molecules;  xenon  (c)  , 
however,  has  no  stable  ground  state  and  exists  as  a molecule  only  in  the 
excited  state. 

Fig.  13.  Schematic  energy  level  diagram  for  carbon-like  ion  species.  Col- 
lisional excitations  are  designated  by  C,  radiative  decays  by  A,  ionization  by 
I,  and  collisional  depopulation  by  D.  Competing  collisional  depopulation 
to  the  3d  level  is  indicated. 


F1,  Mo—  length  S*.  - “ '"b“'Uk*  *“■  ”Uh  ' 8,1“ 

of  exp  (eL)  versus  atomic  »-ber  ..  »•  “*  “ 

„ t <«  assumed  equal  to  10  T and  is  plotted. 
kT  . The  electron  temperature  Tfi  is  assumed  equa  i 

1 , „ (N  ) at  which  coll  isional  mixing  becomes  important 

The  electron  density  iNe'nax 

is  also  plotted  [105]. 

1 ♦- v.  T for  amplification  in  carbon-like  ions  with  a 

Fig.  15.  Minimum  length,  Lmin»  p 

gain  of  exp  (of)  versus  stools  nu.be.  Z.  u.veleosth  >.  ■”>  kl'ietl<! 

tempers ture  kT,.  The  electro,  temperature  I,  Is  assumed  e,uel  to  T,. 

/ v \ at  which  collisional  mixing  becomes  important 

The  electron  density  (N,)^  aC  wnlcn  L 

is  also  plotted  [105]. 

l6.  Gain  coefficient  In  cm'1  c.lcul.t.d  from  . steady  state  model  for  the 
3lS  - 21P  transition  In  hellum-llke  Ions.  The  electron  density,  — 

chosen  to  be  1<>21  cm'1  for  efficient  plasm,  heating  by  1.06  „ lasing  radiation. 
Curves  are  shown  for  the  highest  temperature  range  expected  for  state-of-the-art 
laser-produced  pines...  »t  value,  o,  2 < 11,  the  calculation.!  result,  show 
a negative  Inversion  density  IS  due  to  collisional  mixing  of  the  upper  and 
lower  laser  levels;  the  decrease  in  gain  at  higher  2 1,  caused  by  a smell 
SB  resulting  from  a larger  energy  gap  for  pumping  fro.  the  ground  state  1 136]. 

Pig.  17.  Resonance  charge  transfer  cross  section  fro.  — handau-Zener  theory 

, ,i  fnr  the  atom-ion  combination  (data 

versus  scaled  rela  .ive  velocity  Vrel  for  the  atom 

adapted  from  [162]).  TE  represents  the  energy  defect  i-  eV  for  the  exothermic 

reaction,  , the  effective  charge  of  the  Ion.  Velocities  for  the  Ions  designated 
are  assumed  thermal  and  the  kinetic  temperature  ...  chosen  a.  one-fourth 
of  the  ionization  potential  for  creating  the  ion  [1061. 
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Fig.  18.  Schematic  diagram  of  exothermic  s-s  resonance  charge  transfer  reaction 
leading  to  a quasi-stacionary  population  inversion  between  n = 3 and  n " 2 
levels  in  certain  helium-like  or  hydrogenic  ions  [106].  Refer  to  Fig.  19  for 
other  possible  ion/atom  combinations.  Eg  is  the  binding  energy. 

Fig.  19.  Resonance  charge  transfer  cross  section  obtained  by  inversion  of 
Fig.  17  data  [106].  Final  quantum  states  n of  high  capture  probability  for  each 
ion,  i”*,  and  atom,  A,  combination  are  indicated  by  numerals,  with  parentheses 
to  indicate  le  s probably  transitions.  AE  is  the  exothermic  energy  defect 
and  z is  the  effective  ion  charge. 

Fig.  20.  Ratio  of  rates  for  total  transitions  out  of  an  L vacancy 

state  and  radiativo  decay  out  of  a K vacancy  state  versus  atomic  number,  Z. 

This  ratio  is  equivalent  to  Nj/Ng  for  equilibrium  conditions  reached  after 
long  times  in  cw  operation.  Values  exceeding  unity  and  one-half  indicate  gain 
for  the  Kc^  and  Ko^  transitions,  respectively.  The  model  used  assumes  that 
only  radiative  transitions  produce  absorbers  and  that  Auger  transitions 
generate  shifted  ion  lines.  Both  the  K-*Lj.j.  (o^)  and  K-»Lj.jj.  (o^)  transitions 
are  shown  [96], 

Fig.  21.  Nonlinear  susceptibility  of  rubidium  as  a function  of  wavelength  [240]. 

Fig.  22.  The  experimental  apparatus  used  by  Kung,  et  al.  to  generate  vacuum 
ultraviolet  wavelengths  by  up-conversion  [243]. 

Fig.  23.  Schematic  of  the  apparatus  used  by  Hodgson,  et  al.  to  produce 
tunable  vacuum-uv  emission  using  Sr  vapor  [247], 

Fig.  24.  The  ranges  of  wavelength  covered  by  the  tuning  methods  described  by  Kung 
[243]  using  parametrically  generated  frequencies  and  by  Hodgson,  et  al.  [247] 
using  tunable  dye  laser  frequencies. 


Fig.  25.  UsefuL  characteristics  of  a collimated  and  coherent  laser  beam  at 
short  wavelengths. 

Fig.  26.  Fringes  produced  in  polymethyl  methacrylate  (PMMA)  at  816  k spacing 
and  analyzed  with  a scanning  electron  microscope.  The  round  object  is  a 
0.5  lb n latex  sphere  placed  after  development  for  magnification  calibration 
[268]. 


Fig.  27.  Record  of  activity  in  short  wavelength  laser  research  as  compiled 
from  the  references  on  this  topic  in  the  present  review.  The  data  for  1975 
are  as  of  October  and  still  incomplete,  particularly  for  those  articles 

not  yet  translated. 
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Ftg.  7.  Spectral  distribution  versus  length  as  calculated  by  Allen  and 
Peters  for  an  ASE  system.  Deviationr  from  the  earlier  theory  of  Yariv  and 
Leite  are  shown  for  several  values  of  K3,  a term  in  the  numerical  calculation, 
the  case  of  K3  “ 0 is  hat  of  no  saturation  whereas  K3  ^ 0 is  that  of  some 
saturation  of  the  amplifier  (85 1. 


selected  pumping  mechanisms  and  for  a gain  factor  of  or=5  (a=0.1  for  ion  beams). 
Stark  broadening  becomes  important  for  large  charged  particle  densities  (same 
scale)  in  the  region  above  the  dotted  line,  also  a region  of  approaching  collisional 
equilibrium.  Collisional  recombination  is  plotted  for  f xed  Ne=l()21  cm~3  and 
terminates  at  ~15A  due  to  dominance  of  radiative  recombination  to  lower  levels 
[106] . 
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Fig.  13.  Schematic  energy  level  diagram  for  rarbon-like  ion  species.  Col- 
lisional  excitations  are  designated  by  C,  rauiative  decays  by  A,  ionization  by 
I.  and  collisional  depopulation  by  D.  Competing  collisional  depopulation 
to  the  3d  level  is  indicated. 
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Fig.  14.  Minimum  length  for  amplification  In  carbon-llke  ion«  with  a gain 

of  exp  (crL)  versus  atomic  number  Z,  wavelength  ) , and  ion  kinetic  temperature 
kT^.  The  electron  temperature  T#  is  assumed  equal  to  10  and  Is  plotted. 

The  electron  density  at  which  colllslonal  mixing  becomes  Important 

Is  also  plotted  [105 j. 
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Fta.  16,  Gain  coefficient  In  cm  ^ calculated  from  a steady  state  model  for  the 
3V3  -*  2*P  transition  In  helium-llke  Ions.  The  electron  density,  N , was 
chosen  to  be  10^*  cm’^  for  efficient  plasma  heating  by  1.06  jjn  lasing  radiation. 
Curves  are  shown  for  the  highest  temperature  range  expected  for  state-of-the-art 
laser  produced  plasmas.  At  values  of  Z < 11,  the  calculational  results  show 
a negative  Imarsion  density  AN  due  to  colllsional  mixing  of  the  upper  and 
lower  laser  levels;  the  decrease  In  gain  at  higher  Z Is  caused  by  a small 
AN  resulting  from  a larger  energy  gap  for  pumping  from  the  ground  state  [136], 
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Fig.  18.  Schematic  diagram  of  exothermic  s-s  resonance  charge  transfer  reaction 
leading  to  a quasi-stationary  population  Inversion  between  n » 3 and  n *=  2 
levels  In  certain  he  Hum- like  or  hydrogenlc  Ions  [106],  Refer  to  Fig.  19  for 
other  possible  ion/atom  combinations . Eg  is  the  binding  energy. 
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Fig.  19.  Resonance  charge  transfer  cross  section  obtained  by  Inversion  ■>? 

Fig.  17  data  (106).  Final  quantum  sLates  n of  high  capture  probability  for  each 
Jon,  l™*',  and  atom.  A,  combination  are  indicated  by  numerals,  with  parentheses 
to  indicate  less  probably  transitions.  AE  is  the  exothermic  energy  defect 
and  z is  the  effective  ion  charge. 


Fig.  22  — The  experimental  apparatus  used  by  Rung,  et  al.  to  generate 
vacuum  ultraviolet  wavelengths  by  up-conversion  [243] 
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Fig.  23.  Schematic  of  the  apparatus  used  by  Hodgson,  et  al.  to  produce 
tunable  vacuum-uv  emission  using  Sr  vapor  [247]. 
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Fig.  24.  The  ranges  of  wavelength  covered  by  the  tuning  methods  described  by 
Rung  [243]  using  parametrically  generated  frequencies  and  by  Hodgson,  et  al.  [247] 
using  tunable  dye  laser  frequencies. 
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Fig.  26.  Fringes  produced  in  polymethyl  methacrylate  (PMMA)  at  836  A spacing 
and  analyzed  with  a scanning  electron  microscope.  The  round  object  is  a 
0.5  /jm  latex  sphere  placed  after  development  for  magnification  calibration 

[268]. 
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Fig  11.  Record  of  activity  li:  short  wavelength  laser  research  as  compile^ 
from  the  references  on  this  topic  in  the  present  review.  The  data  for  1S75 
are  es  of  October  and  still  incomplete,  particularly  for  those  article 
not  vet  tre  ■'slated. 
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